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TREATMENT of diphtheria patients has been confined almost exclusively to 
alleviation of the symptoms by the administration of antitoxin, and removal of | 

' the infective organisms has been left to the natural defences of the body. Hence 
| patients have been kept in hospital long after disappearance of the toxaemia 
_ waiting for swab cultures to become negative, and there has been no completely 
| effective treatment for carriers. As a generalisation it can be concluded that 
' despite great advances in the treatment of acute infections, little progress has 
_ been made in that of chronic infections and the carrier state. Garrod (1950, 
_ 1951) has pointed out that although new antibiotics continue to be evolved to 
' deal with resistant bacteria, there is a very real danger that some infective agents 
_ may continue to flourish unchecked. It is important, therefore, that antibacterial 
_ agents should be used to the best advantage. Penicillin is powerfully bacterio- 
static against C. diphtheriae in vitro but it failed to protect infected guinea-pigs 
_ (Hewitt, 1948). The toxicity of penicillin to guinea-pigs may account partially 
_ for this failure, but clinical observations (Borst, 1948 ; Levy, 1948; Stein, 1948) 
' on the effectiveness of penicillin in diphtheria are also conflicting. Other chemo- 
| therapeutic agents such as the diamidines which are active in vitro have also 
_ been found to be ineffective in the body (Hewitt, 1948). 

Streptomycin, on the other hand, as well as being bactericidal in vitro, is very 
| effective in the treatment of experimental diphtheria in animals. Two disad- 
' vantages attend the use of streptomycin, its toxicity, and the ease with which 
_ diphtheria bacilli develop complete resistance to it. In view of its reputed 
| lower toxicity dihydrostreptomycin was tested. It was found to be as effective 

as streptomycin in treating experimental diphtheria, but resistance to its bac- 
_ tericidal effect was found to develop as rapidly as with streptomycin, and later 
_ clinical experience has shown that it can also cause deafness. 
; Of the newer antibiotics, chloramphenicol was found to be highly bacterio- 
Static in vitro but to have no protective effect in experimental diphtheria. Aureo- 
' mycin afforded a degree of protection and prolonged life even when administered 
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by mouth, but the protective effect was slight and some toxic effects were noted 
(Hewitt, 1950). The search for a satisfactory therapeutic agent for the elimina- 
tion of C. diphtheriae has therefore not yet been successful. In view of the 
reported properties of terramycin (Finlay, Hobby, P’an, Regna, Routien, Seeley, 
Shiel, Sobin, Solomons, Vinson and Kane, 1950), which is a crystalline antibiotic 
obtained from Streptomyces rimosus, its effect in experimental diphtheria has 
now been investigated. 


EXPERIMENTAL. 
Material and meihods. 


The strains of C. diphtheriae used, their origin, and the general procedures, 
have been described previously (Hewitt, 1947, 1948, 1950, 1951). 


In vitro activity. 


Serial dilutions of terramycin were made in papain digest broth and the 
dilutions were inoculated with 24- or 48-hour broth cultures of C. diphtheriae 
strains, using the sloping racks and modified technique previously described 
(Hewitt, 1950). Results were read after 24-48 hours’ incubation and are sum- 
marised in Table I. 


TaBLE I.—In vitro Sensitivity to Terramycin of 9 Strains of C. diphtheriae. 
Inhibitory 
Strain No. Group and type. concentration 
ug. /mol, 
1 : Gravis 1 : 0-2 
34 ee : 1 
234 wai 0-5 


ra. i Intermedius 
265 


13 ‘ Mitis 2 
40 » 14 
100 Shae 
360 ;  - 


Little difference was observed between the sensitivities of gravis, intermedius 
and mitis types ; every strain was inhibited by 0-2-1-0 yg./ml. of the antibiotic. 


Development of resistance. 


After subculture in broth containing streptomycin, penicillin or diamidines 
C. diphtheriae develops resistance, sometimes to a marked degree. In the case 
of terramycin, however, no development of resistance was noted when 10 strains 
were submitted to over 50 serial subcultures in the presence of graded concen- 
trations of the antibiotic. 
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TERRAMYCIN IN EXPERIMENTAL DIPHTHERIA 


Effect on animal infections. 


Guinea-pigs were infected with a virulent gravis strain of C. diphtheriae by 
intracutaneous injection of 0-2 ml. of a saline suspension containing about 
5 x 10® organisms, the organisms having been grown for 18 hours on Loeffler’s 
serum and washed to remove pre-formed toxin. The antibiotic was administered 
by subcutaneous injection or by mouth. The oral doses were given by capillary 
pipette, the antibiotic being dissolved in water. Post-mortem examinations on 
dead guinea-pigs were carried out to eliminate the possibility of intercurrent 
infections. Haemorrhages in the adrenal glands, oedematous lungs and, in some 
cases, enlarged gall-bladders, were observed. 


TaBLE II.—Effect of Terramycin on C. diphtheriae Infection in Guinea-pigs. 


Mode of Dose. Time of death after 
administration. , infection (hr.). 


nil : nil > 0 23:25 

Terramycin . Subcutaneous . 4x 10mg... 140:140 
injection 

Ditto ‘ 4 x 4mg. ? 93:120 

Oral : 2x 50mg... 102:150 

- . 2X 100mg. . — 120:140 


Antibiotic. 


The first dose in each case was given one hour before infection. The sub-. 
sequent subcutaneous injections followed at 4-hour intervals whilst the second 
oral dose was 8 hours later. Two animals were used for each system of dosage. 
It will be seen that terramycin prolongs the life of the animals. Controls die 
after infection with this virulent strain after about 24 hours, but after a few 
hours’ treatment with antibiotic death does not occur until after 4 to 6 days. 
It also appears that oral administration is as effective as subcutaneous injection. 
The oral route was therefore used in further experiments designed to show whether 
more prolonged treatment would prolong life still further. The drug was given 
to the infected animals for 3, 1, 2, 3 or 5 days, two doses being administered on 
the first day and one dose on each subsequent day. 


TaBLE III.—Effect of Prolonged Oral Dosage of Terramycin on Survival Time 
of Infected Guinea-pigs. 
ae. Dosage. Pee agg rg 
nil : 0 : ‘ 23:26 
Terramycin.. 1 x 50 mg. ; } : 140:140 
‘ 2 x 50 mg.. ‘ : 96:140 
3 x 50 mg. . y . 70:190 
4 x 50 mg. ; : 150:170 
6 x 50 mg. ; . 120:140 


Prolongation of treatment obviously had very little effect on survival time, 
and doses on days subsequent to the first appeared not to affect the course of 
the disease. 

It seemed possible that this was due to the bacteria producing a small amount 
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of toxin soon after infection, further toxin production being stopped by the terra- 
mycin inhibiting any further growth. The late deaths might have been due to 
this small amount of toxin produced before the antibiotic could become effective. 
The next experiment was designed to test this hypothesis and to give further 
information about the course of the disease. If a considerable amount of diph- 
theria antitoxin, e.g., 50 units, is administered to guinea-pigs at the time of infec- 
tion it remains in the blood long enough to protect the animal completely against 
infection (Hewitt, 1948). Therefore a small amount only, namely 5 units, was 
injected intraperitoneally at the time of infection. Terramycin was given by | 
mouth at the same time and every day subsequently to deal with the infection. 
Results are given in Table IV. 


TaBLeE IV.—Effect of Small Amount of Antitoxin and Oral Terramycin on 
C. diphtheriae Infection in Guinea-pigs. 
Dose of antitoxin Antibiotic dose Time of death after 
(units). per diem. infection (hr.). 
0 ’ 0 ; 28:29 
0 ‘ 50 mg. . 91:92:93:96:98:100:105:150 
5 : 50 ,, ; 110:140 


The single dose of antitoxin administered one hour before the infection failed 
to give the animals any more protection than the daily dose of terramycin alone. 
Thus it would seem that the lethal toxin must have been produced not in the very 
early stages of infection, but later during the subsequent multiplication of the 
organisms, and the terramycin could not have eliminated all the organisms 


within the first 24 hours. 


Organisms isolated from infected animals. 

Attempts were made, therefore, to isolate live C. diphtheriae from the animals 
post mortem. As soon after death as possible cultures were made from the heart- 
blood, liver, spleen, lungs and skin. Although no organisms could be found in 
the various organs, virulent C. diphtheriae was isolated from the site of injection 
in the skin in 2 control guinea-pigs which had been infected but received no 
treatment, and in 6 other animals. Their toxigenicity and cultural characteristics 
were unchanged. Although the bacteria were found not to develop terramycin- 
resistance in vitro, it was thought possible that in vivo some resistance might 
develop. Hence tests were made of the sensitivity of the original infecting 
strain and of organisms isolated from infected guinea-pigs, both treated and 
controls. In each case the inhibitory concentration was unaltered at 0-2 ug. /ml. 

In connection with this persistence of C. diphtheriae in the skin of animals 
it is of interest that cutaneous diphtheria was quite frequent in the Middle East 
during the war, and Hollander (1951) reports the occurrence of diphtheritic 
infections in the skin among troops in the Pacific and Burma theatres of war, 
with a warning that the same condition may be expected in Korea. 


DISCUSSION. 


It is perhaps rather surprising to find that a drug administered by mouth 
can prolong the life of animals infected with C. diphtheriae. The treatment of 
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diphtheria carriers or suspected contacts would be greatly simplified if oral 
treatment were effective. Terramycin given by mouth is as effective as by 
subcutaneous injection, and is more effective than treatment with penicillin, 
chloromycetin, aureomycin, licheniformin, diamidines, etc. (Hewitt, 1948, 1950). 
It is less effective than injections of streptomycin or dihydrostreptomycin, but 
these have the disadvantage of being toxic, as well as leading to the rapid develop- 
ment of completely resistant organisms which are unaffected by the antibiotic, 
both in vitro and in vivo. On the other hand, terramycin was found not to give 
rise to resistant variants of C. diphtheriae, even after fifty subcultures. 

Unfortunately the effect of terramycin on experimental diphtheria was 
merely to prolong the survival time. Without the antibiotic guinea-pigs were 
killed by a large dose of a virulent culture in 24 hours, whilst after a single dose 
of 50 mg. of terramycin by mouth the animals survived for nearly 6 days. 
Attempts to prolong this survival time appreciably were not successful. Neither 
a second dose 8 hours after the first nor a further dose every day for from 1 to 
5 days had any effect. It is interesting to speculate on the reason for this failure 
to cure the infection completely. Since the lethal effect of diphtheria cultures is 
due to the soluble toxin produced (Hewitt, 1948), it was thought possible that 
the late death of the animals treated daily with terramycin might be due to the 
small amount of toxin produced in the early stages of infection before the anti- 
biotic had brought growth to a standstill. A small dose of diphtheria antitoxin was 
therefore given at the time of infection in addition to terramycin, so that the toxin 
produced initially was neutralised. However, the antitoxin was found not to 
save the animals or affect the time of death. Hence it may be concluded that 
the failure of terramycin to protect completely was due to toxin produced, not in 
the early stages of infection, but during subsequent bacterial multiplication, and 
the question arose whether this bacterial growth was due to development of 
resistance to terramycin. Although development of resistance was not observed 
in vitro, it was thought possible that resistance might be developed in the infected 
animal. Post-mortem examination to reveal the presence of C. diphtheriae in 
animals dying from the infection failed to yield positive cultures from the blood 
or body tissues, except from the skin near the site of infection. C. diphtheriae, 
indistinguishable from the original infecting strain, was recovered from the skin 
of guinea-pigs dying as long as 6 days after infection. In no case, however, was 
the sensitivity of the strain to terramycin diminished by its passage in an animal 
treated with the antibiotic. It may be concluded, therefore, that the lack of 
complete protection against diphtheria infection provided by terramycin is not 
due to a small initial production of toxin or to development of antibiotic resistance, 
but depends on the inability of the antibiotic to penetrate the local focus of 
infection and sterilise the site. It may be that the same reason accounts for the 
difficulty of treating other chronic carrier conditions in humans where the infecting 
organisms occupy an inaccessible site within the body. The most hopeful finding 
in this study is that streptomycin affords complete protection against experi- 
mental diphtheria, and this encourages further search for a therapeutic agent 
possessing the effectiveness of streptomycin without its disadvantages. 


SUMMARY. 


C. diphtheriae is sensitive to terramycin, and no development of resistance 
was observed either in vitro or in the animal body. 
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Terramycin given by mouth prolongs the life of animals infected with virulent 
C. diphtheriae. 

Virulent diphtheria bacilli were isolated from the skin at the site of inoculation 
a week after the infection of animals treated daily with terramycin. 
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It has been shown by several workers that certain drugs, not necessarily hepato- 
toxic in action, alter the ascorbic acid concentration in rat liver. The senecio 
alkaloid pterophine first described by de Waal (1939) and investigated pharma- 
cologically by Harris, Anderson and Chen (1942) and Sapeika (1951) produces 
degenerative changes in the liver and necrosis which is mainly periportal in distri- 
bution. It was therefore of interest to determine what changes this substance 
would produce in the ascorbic acid concentration in the rat liver. At the same time 
estimations of the ascorbic acid content of the adrenal glands were made in most 
of the experiments. In view of the results obtained, namely a decrease in the level 
of ascorbic acid in both liver and adrenal glands, it was of interest to determine _ 
what results would be obtained with carbon tetrachloride, a well-known hepatotoxic 
agent which produces centrilobular necrosis. Sodium salicylate, which is stated 
to increase the excretion of ascorbic acid and has also been claimed to affect ascorbic 


acid metabolism, was then investigated to determine its effects on the liver as well 
as on the adrenal ascorbic acid. Histamine and adrenaline, which have been 
shown to decrease the amount of ascorbic acid in the adrenal glands, were also 
examined for their action on liver ascorbic acid in view of their possible réle in the 
action of the first-mentioned drugs. 


METHODS. 


Equal numbers of male and non-pregnant female albino rats of the Wistar 
strain weighing 100 to 180 g. were used in the investigation. They were fed the 
normal stock cubed diet. The drugs were given by injection. Pterophine was 
given as a freshly prepared solution of weighed amounts of the alkaloid dissolved 
in an equimolecular weight of hydrochloric acid. The amounts of histamine 
mentioned in the text refer to the acid phosphate salt. The adrenaline was a 
Burroughs Wellcome & Co. product. Control animals received injections of the 
particular solvent used for the drugs. After a certain time each rat was killed by 
stunning and bled from the incised neck vessels. Unbled animals were not found 
to give significantly different values from bled animals. Portions of the liver 
weighing 1 g. each were assayed for the ascorbic acid content, similar values being 
obtained with tissue from left or right side of the liver. Estimations were made 
according to the simple method described by Kennaway, Kennaway and Warren 
(19442) and Kennaway and Tipler (1947). The adrenal glands were excised, freed 
of fat, lightly dried, and their ascorbic acid content estimated in the same way. 
The amounts of ascorbic acid are expressed as mg. per 100 g. of fresh tissue. 





N. SAPEIKA 


RESULTS. 


The results obtained were generally lower in female than in male animals. 
As far as possible equal numbers of male and female rats were used in experiments. 
The mean ascorbic acid concentration of the liver in 28 control animals was found 
to be 26 mg. per 100 g. tissue (range 22-5-31 mg.), and of the adrenal glands 480 mg. 
(range 384-560 mg.). 


TaBLE I.—The Effect of Pterophine on Liver Ascorbic Acid. 


Pterophine injected Wester he. ofan Liver ascorbic acid mg. per 100 g. 
mg. r 4 a ie A 
( - Lack. of rats. injection. Range. 


200 3 , 13-00-22-0 


. + : 
Intraperitoneally 6 ; 6 ‘ 3-00-19-0 


100 , ‘ 3 ‘ 18-25-25-0 
Intraperitoneally : 6 ‘ 15-00-21-0 
18 ‘ 2-50— 9-5 

24 . 2-00- 6-5 


50 . : 24 ‘ 12-75-15-0 
Intraperitoneally 2 : 48 ‘ 8-00- 9-0 


100 : ; : 24 : 4-00-12-0 
Subcutaneously 


Pterophine.—Adequate doses produced a fall in the concentration of reducing 
substance in the liver as shown in Table I. With doses that produced the most 
marked decrease in the concentration of ascorbic acid the liver was enlarged, soft, 
dark in colour, and wet with blood on section, but with smaller doses which also 
decreased the concentration of reducing substance the liver was firm and showed 
no gross naked-eye change. With the dose of 200 mg. per kg. estimations were 
made only at 3 hr. and 6 hr. after injection as the animals became moribund after 
this period. The effect of subcutaneous injection of the alkaloid was less marked 
than when the same dose was given intraperitoneally. Table II shows results 
obtained when ascorbic acid was measured both in the liver and in the adrenal 
glands. 


TaBLE II.—The Effect of Intraperitoneal Injection of Pterophine (100 mg. per kg. 
Body Weight) on the Ascorbic Acid Content of-Liver and Adrenal Glands. 
hr. after injection . ; ; 3 ‘ 6 ‘ 18 ; 24 
Number of rats. ; : 5 : 5 : 4 : 4 
ad Liver (Controls . 
Ascorbic — ee I i "Beer 7:5 
tly Adrenals (Controls 


100 g. tissue L 409) 367 .° 287 . 286 . 285 


Carbon tetrachloride.—This substance was given daily for 4 days by subcutaneous 
injection, 0-2 ml. per 100 g. body weight in an equal amount of peanut oil; the 
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ascorbic acid concentration of liver and adrenal glands was estimated at the end 
of the 96th hour. The drug produced pallor and enlargement of the liver. The 
mean ascorbic acid concentration in 20 male and female rats was 23 mg. per 100 g. 
tissue. The adrenal showed no loss of ascorbic acid (516 mg.). 

Sodium salicylate—Large doses were injected intraperitoneally (500 mg. per 
kg. body weight), and estimations of ascorbic acid were made on 8 animals after 
1,2 and 3 hr. The concentration of ascorbic acid in the liver did not fall, but in 
the adrenal glands the level fell during the same time. 


Ascorbic acid, mg. per 100 g. tissue. 
1 hr. 2 hr. 3 hr. 
Liver ; ; 27 ; 29 ‘ 29 
Adrenals . ; 337 : 281 i 236 


Histamine.—The animals received a subcutaneous injection of 15 mg. per 100 g. 
body weight, and 4 were killed at 1, 2 and 3 hr. after the injection. There was a 
fall in the ascorbic acid content of the adrenals. The results obtained were as 
follows : 


Ascorbic acid, mg. per 100 g. tissue. 
1 hr. 2 hr. » hr. 
Liver : : 32 : 28 ; 28-5 
Adrenals . : 312 ; 283 i 315 


Adrenaline-—A dose of 0-06 mg. per 100 g. body weight was injected sub- 
cutaneously and estimations of ascorbic acid in liver and adrenal glands were made 
in 4 rats every hour for 3hr. Adrenaline did not lower the concentration of ascorbic 
acid in the liver but produced a decrease in the amount in the adrenal glands. 


Ascorbic acid, mg. per 100 g. tissue. 
1 hr. 2 hr. 3 hr. 
Liver , ‘ 28 F 28 _ 28-5 
Adrenals . ‘ 364:5 ‘ 299 ‘ 298-5 


Saline.—After the administration of saline (0-1 ml. per 100 g. body weight 
subcutaneously injected into groups of 4 rats) the values at the first, second and 
third hour after injection were 441, 438 and 427 mg. per 100 g. tissue. 


DISCUSSION. 


Certain drugs, for example central nervous depressants, have been shown to 
increase the excretion of ascorbic acid in albino rats (Longenecker, Fricke and 
King, 1940), and some accelerate ascorbic acid synthesis (Jackel, Morbach, Burns 
and King, 1950). There are, however, few reports on the effect of drugs on the 
ascorbic acid content of the liver. A decrease in total ascorbic acid of the liver 
of rats subjected to profound narcosis with amytal was observed by Lombroso 
and Cera (1938). In rats exposed to carbon tetrachloride vapour Svirbely (1936) 
found appreciable amounts of ascorbic acid in the liver; the administration of 
cinchophen or ether to the animals decreased the vitamin C content of the liver. 
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Sodium salicylate, which has been shown to deplete the adrenal glands of ascorbic 
acid (van Cauwenberge, 1951), produced a small decrease in liver ascorbic acid 
(Lutwak-Mann, 1942). It was found by Kennaway, Kennaway and Warren 
(19445) and Daff, Hoch-Ligeti, Kennaway and Tipler (1948) that certain aromatic 
carcinogenic compounds, some acting chiefly on the liver, cause an increase in 
the ascorbic acid content in the liver of mice. 

Pterophine used in the present study decreased the concentration of ascorbic 
acid in the liver and the adrenal glands, particularly in the former tissue. The 
following points may be made with regard to the mode of action of this alkaloid in 
decreasing the ascorbic acid level of the liver in the course of a few hours: (a) The 
action may be related to the degenerative cellular changes produced by the drug ; 
in this connection the finding of Lindan and Work (1951) that a necrogenic diet 
led both to a fall in liver ascorbic acid and to cirrhosis is of interest. (6b) In view of 
the effects of incomplete diets on the ascorbic acid content in the organs of rats 
observed by Hopkins, Slater and Millikan (1935) interference with the ingestion, 
possibly also the absorption and utilisation of food after administration of the 
alkaloid, must be considered. (c) The decrease produced in the ascorbic acid 
content of the adrenal glands might be due to some extent to the effect of histamine 
liberated from the damaged liver, or possibly to the effect of adrenaline released 
from the adrenal medulla by the histamine. Nasmyth (1951) has shown that 
histamine and Jarrett (1951) that adrenaline cause a marked fall in the adrenal 
content of ascorbic acid. However, the decrease in the liver ascorbic acid produced 
by pterophine cannot be due to histamine or adrenaline since they do not lower 
the concentration of ascorbic acid in that organ. (d) The possibility of a more 
specific biochemical action of pterophine on the synthesis or destruction of the 
vitamin, especially with doses not large enough to produce gross damage in the liver, 
must also be considered. 


SUMMARY. 


The effect of certain drugs on the ascorbic acid concentration of liver and adrenal 
glands in albino rats has been studied. 

Pterophine, a senecio alkaloid, produced a decrease in the concentration of 
ascorbic acid in the liver associated with marked damage to that organ, and also 
a decrease in the ascorbic acid content of the adrenal glands. 

Carbon tetrachloride, also a hepatotoxic agent, produced little decrease of 
ascorbic acid of the liver and no diminution in that of the adrenal glands. 

Sodium salicylate, histamine and adrenaline, which produce depletion of ascorbic 
acid in the adrenal glands, did not decrease the concentration in the liver. 


Thanks are due to Professor H. L. de Waal, University of Pretoria, for supplying 
the pterophine, and to Mr. J. W. Bates who gave assistance with the estimations. 
Grateful acknowledgment is made to Professor J. T. Irving for his valuable 
criticisms of the manuscript. 
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DIVALENT metals and particularly calcium have long been recognised as 
essential participants in the multiplication of some strains of phage. Stassano 
and de Beaufort (1925) and Bordet and Renaux (1928) found that calcium or 
strontium was necessary for the lysis of the bacteria by shiga phages. More 
recently Adams (1949) with coli phage T5 and Kay and Fildes (1950) with a 
typhoid phage reported more detailed studies. These indicated that in the 
absence of calcium very little phage multiplication took place, whereas in the same 
culture medium containing calcium a large increase in phage titre occurred. 
Since no bacterial requirement for calcium was evident it appeared that calcium 
was involved specifically in the multiplication of the phage. The work reported 
in this paper concerns a survey of various metals to determine whether elements 
other than calcium are active, an examination of the relative activities of those 
elements found to be active and an attempt to determine the point in the virus 
multiplication cycle at which calcium acts. 

The work of Adams (1949) with T5 has been confirmed and extended with 
the related heat-resistant variant T5st. 


MATERIALS AND METHODS. 


Medium. 
Bact. coli B obtained from Dr. T. F. Anderson was cultivated in the following 

medium : 

KH,PO, . ; : 0-2 M ; 100 ml. 

Na,HPO, : : 0-2M ; 150 ,, 

NHC. : : 4M ; 20 ., 

MgSO,7H,O . . 04M , - 

Water . ; ; weeds 526 ,, 


Total . ; ‘ ; ; 800 ml. 


The chemicals were “‘Analar”’ grade and the water was redistilled from glass. 
The medium was sterilised by autoclaving in “ Pyrex ”’ flasks capped with beakers. 
The pH was 7-0. Glucose was used as a source of energy and carbon. Molar 
solutions were sterilised separately in “‘ Pyrex” vessels. The medium in 8 ml. 


* Working with a personal grant from the Medical Research Council. 
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volumes was made up to 10 ml. with water after addition of glucose, bacterial 
inoculum and any other materials. 

Gelatin (0-05 per cent) was added to the culture medium. Prior to the use 
of gelatin average burst sizes of 50 to 60 were the largest obtainable, whereas 
when gelatin was added burst sizes of 200 to 400 were regularly obtained. Com- 
mercially available gelatin contains calcium and this was removed by prolonged 
electrodialysis. 


Culture technique. 


All experiments were made in L-shaped vessels, which were rocked 54 times 
a minute in a water bath at 37°. A mean generation time of 40 minutes was 
found for Bact. coli growing in the above medium incubated in L tubes. The 
lower limb of the L had a volume of 20 ml. and usually contained 10 ml. of medium. 
The extent of bacterial multiplication or lysis could be determined by inserting 
the vessel into a nephelometer (Evans Electroselenium Ltd.) and measuring the 
amount of scattered light. This figure was related to viable cell count by a 
standard curve. 


Phage. 

Coli phage T5 was obtained from Brigadier J. K. 8. Boyd, F.R.S. On being 
examined by the method of Adams (1950) it was found to contain both heat-labile 
and heat-stable mutants. The heat-stable mutant, T5st, was used for this work. 

A stock of high titre phage was prepared as follows: Three litres of medium ° 
containing 0-0005 m calcium were inoculated with bacteria and aerated with 
compressed air at 37°. When the bacteria had reached 4 x 108/ml. phage was 
added at a ratio of 2 phages to one bacterium. Aeration was continued, and 
0-1 ml. of triamylcitrate was added to control the froth when lysis occurred 
50 minutes later. Aeration was continued for a further hour. The lysate was 
then concentrated to one-tenth of its volume by evaporation under reduced 
pressure. The phage is unharmed by this treatment. Much bacterial debris 
and precipitated material was removed by centrifugation at 2000 g. for 30 minutes. 
The opalescent supernatant was separated and dialysed against 3 changes of 
5 volumes of ice-cold distilled water. The phage was again centrifuged at 2000 g. 
and the supernatant separated. This was the material used in the following 
experiments. It was stored at + 4° saturated with thymol to prevent the growth 
of contaminants. The titre of the stock phage was 7 x 101!/ml. and declined 
to 5 x 10"%/ml. during the course of the work reported in this paper. 


The estimation of phage. 


Phage counts were made by the two-layer technique of Hershey, Kalmanson 
and Bronfenbrenner (1943). Dilutions were made in medium containing 0-05 per 
cent of gelatin to prevent denaturation of the phage during manipulation. 


EXPERIMENTAL. 


The Effect of Divalent Metals on Lysis. 


A non-toxic range of concentrations of different metals (as chlorides or 
sulphates) was added to thé standard medium, which was then tested for ability 
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to support phage lysis. The bacteria were infected with a ratio of 2 phages per 
cell when the bacterial population was estimated to be 4 x 108/ml. Turbidities of 
the cultures were measured at intervals for two hours after the addition of phage. 

The following metals were examined: barium, beryllium, calcium, cobalt, 
copper, iron (ferrous), magnesium, manganese, strontium and zinc. Concentration 
ranged from 1 to 100 yg./ml., or the maximum solubility in the medium if this 
was less than 100 ug./ml. 

It was found that calcium, magnesium and strontium would support lysis 
while the other metals were either inhibitory to bacterial multiplication or inactive. 
Phage titres were determined, and it was found that only in those cultures that 
had lysed had the phage increased. It was also noticed that calcium caused 
lysis in a lower concentration than magnesium or strontium. The relative effi- 
ciencies of the three metals to support the multiplication of phage were then 
examined. 
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Fic. 1.—The effect of divalent metal concentration on the burst size. 
A = calcium, B = strontium, C = magnesium. 


The Effect of Various Concentrations of Calcium, Magnesium and Strontium 
on the Multiplication of Phage. 


It was first determined whether these metals affected the multiplication of 
bacteria when added to the standard medium. No significant effect was found 
except with magnesium, a concentration of which if below 0-0001 m retarded 
growth. 

The average burst size was then determined by the method of Ellis & Delbriick 
(1939) using bacteria grown in the standard medium supplemented with various 
concentrations of the three metals. The results are shown in Fig. 1, where the 
burst size is plotted against the molarity of the metal. 

Calcium is the most effective, producing a burst size of 240 at 0-0005 M. 
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Strontium is the next most effective with a burst size of 205 at its maximum 
concentration of 0-0001m. Magnesium, however, shows a somewhat different 
relationship between concentration and burst size. The curve is similar to that 
of strontium up to 0-0007 M, but at higher concentrations the burst size increases 
slowly with concentration, reaching 235 at 0-005m. The standard medium 
which contains 0-00016 M magnesium gave a burst size of 2. 

Having demonstrated the necessity of some divalent metal ‘or lysis and phage 
production, the mode of action of the metal was investigated. Only calcium was 
studied as this was the most active metal. 

Experiments were made to find whether bacteria infected with phage in the 
absence of calcium were able to produce phage’if calcium was added later, and 
whether bacteria infected in the presence of calcium continued to produce phage 
when the calcium was removed from the medium before the end of the latent 
period. 
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Fic. 2.—The effect of delaying the addition of calcium to phage-infected bacteria. Calcium was 
added at points indicated to A, B,C and D. E received no calcium, 
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The Addition of Calcium at Intervals to:Phage-infected Bacteria. 


__A 10 ml. culture of actively growing bacteria containing 6 x 108/ml. was 
infected with phage at 6 x 108/ml. After rocking for 10 minutes to allow 
adsorption to proceed the bacteria were centrifuged down, the supernatant 
discarded, and the sediment containing the infected bacteria re-suspended in 
fresh medium. This suspension was diluted 1:10,000 in fresh medium and 1 ml. 
of this was added to each of 5 L tubes, A, B, C, D and E, containing 9 ml. of 
medium. These were set rocking at 37° and calcium (0-0005 M) was immediately 
added to tube A, Samples were taken at intervals from all the tubes. After 
20 minutes calcium (0-0005 mM) was added to tube B, at 40 minutes to tube C, and 
at 60 minutes to tube D. Tube E was retained as a calcium-free control. The 
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results of a typical experiment are given in Fig. 2. The following conclusions 
can be drawn : 

1. The addition of calcium to bacteria infected with phage in its absence 
causes a burst to take place whether it is added early or after 60 minutes. 

2. The burst size decreases the longer calcium is withheld. In tube A it was 
254, in B 240, in C 190, and in D 167. 

A 10-fold increase in phage titre occurred in the calcium-free culture (E) 
between 90 and 120 minutes. This was probably due to the magnesium in the 
medium. 

3. There is no appreciable alteration in the time between the addition of 
calcium and the beginning of the burst whether calcium is added early or late. 
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Fic. 3.—The removal of calcium with citrate. Effect on the burst size. 


A =Nocalcium. B = Calciumallthe time. C = Calcium plus citrate allthe time. D = Citrate 
added after 1 minute, E after 5 minutes, F after 10 minutes. 


The Removal of Calcium from Phage-infected Cultures. 


It was technically impracticable to centrifuge and wash the bacteria infected 
in the presence of calcium so other ways of removing calcium had to be found. 
Two ways were tried. Both depended on reducing the concentration of calcium 
ions to a level below which they are inactive. This is about 0-00002 m. There- 
fore cultures could be made virtually calcium-free by dilution with calcium-free 
medium. The second method depended on the formation of a unionised complex 
between calcium and sodium citrate. If sufficient citrate was added the concen- 
tration of calcium in the medium could be reduced to below the level of activity. 
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It was, however, important that the citrate should not affect the multiplication 
of the bacteria. On being tested it was found that 0-01 m sodium citrate could 
be added to the medium and yet not measurably affect the bacterial growth rate. 
This amount was therefore used in the following experiments. 

The removal of calcium with citrate—Infected bacteria were prepared by mixing 
bacteria at 4 x 108/ml. with phage at 2 x 10®/ml., incubating for 10 minutes, 
centrifuging down the cells and re-suspending in fresh medium. This suspension 
was diluted 1:100 in fresh medium and 1 ml. of this was added to each of 6 L tubes 
containing 9 ml. of medium. Five of these tubes already contained calcium 
0-0005 mM, while one (A) was kept as a calcium-free control. To one (C) of the 5 
containing calcium 0-01 m citrate had already been added, and to 3 others (D, E 
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Fic. 4.—The removal of calcium by dilution. Effect on the burst size. 


A=No calcium. B = Calcium all the time. C = Calcium diluted out after 1 minute, D after 5 
minutes, E after 20 minutes. 


and F) citrate was added 1, 5 and 10 minutes later. The remaining tube (B) 
was used as a calcium control with no citrate. Samples were taken at intervals 
for phage counts. The results are given in Fig. 3. 

In the presence of 0-01 m citrate, 0-0005 m calcium is unable to cause a large 
burst. In fact the burst it does give (3-4) is less than that given by the standard 
medium (6). If, however, the infected cells are allowed contact with sufficient 
calcium for only one minute a burst size of 50 is given. Five minutes’ contact 
with calcium produced about the same burst size and 10 minutes gave one of 60. 
The control which had calcium all the time gave a burst size of 410. 

The removal of calcium by dilution.—Infected bacteria were prepared by mixing 
bacteria at 4 <x 108/ml. with an equal number of phage particles. After incu- 
hating for 10 minutes the cells were centrifuged down and re-suspexded in fresh 
medium. A sample of this was diluted 1 in 105 with medium containing 5 x 10-°m 
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added calcium as a control (Tube A). (This would be the amount left in the 
medium after making the dilutions required in this experiment.) The re-suspended 
culture was then incubated with 0-0005™m calcium. After 1, 5 and 20 minutes 
samples were taken, diluted 1:100,000 in medium without calcium, and again 
incubated (Tubes C, D and E). Phage titres were determined at intervals in the 
diluted cultures and the undiluted one (Tube B). The results are given in Fig. 4. 
They are similar to those obtained by the citrate method in that as little as one 
minute’s exposure to calcium permits a considerable burst (93) to take place. 
The longer the calcium is allowed to act, the greater is the burst size, 


DISCUSSION. 


The cells of Bact. coli B when infected with phage T5 can produce between 
two and four hundred new phage particles provided there are sufficient divalent 
metal ions in the medium. In the absence of added metal ions the burst size is 
reduced to a lower limit of between 2 and 10, which may well be due to metal 
impurities in the reagents. Three metals, calcium, magnesium and strontium, 
are active for the T5 phage though not equally so. Their different activities 
and the inability of other divalent ions such as manganese and iron to support 
phage production may be explained in terms of their ionic dimensions and elec- 
tronic configurations. The ionic radii of magnesium, calcium and strontium are 
0-78 A, 0-98 A and 1-15 A (Glasstone, 1940). However, the ionic radii of iron, 
manganese, cobalt and zinc lie within the limits 0-78 A and 1-15 A, yet these metals 
are not active. The electronic configurations of magnesium, calcium and stron- 
tium are similar in that they all have two valency electrons and no partially 
filled inner electron sub-groups. In contrast the electronic configurations of the 
inactive metals are markedly different except for beryllium and barium, which 
have a similar type of configuration to calcium, magnesium and strontium. 
In the case of beryllium and barium lack of activity is presumably due to the 
size of the ions, beryllium (0-34 A radius) being too small and barium (1-37 A radius) 
too large to combine effectively with the appropriate parts of the bacterium or 
phage. 

Thus for a metal to “ catalyse” the production of phage, its ions must have 
both a particular electronic configuration and dimensions lying between certain 
limits. 

The overall process of phage multiplication is assumed to take place in several 
stages. These are adsorption of the phage particle by the bacterium, multi- 
plication of the phage within the cell and lysis of the cell, resulting in the liberation 
of the new particles into the culture medium. 

For the following reasons it is considered that the réle of calcium is in the 
intracellular multiplication of the phage. Calcium is not involved in adsorption, 
which proceeds equally well in its absence as in its presence. However, the burst 
size depends on the concentration of calcium (or magnesium or strontium) in the 
medium over a considerable range. This is in accordance with the view that the 
metals are involved in the synthesis of phage. When calcium is removed from 
the medium before the latent period is completed the burst size is diminished. 
This means that calcium must be available throughout the latent period for the 
maximum burst to take place, and again supports the view that the calcium is 
involved in phage synthesis. If calcium were involved solely in lysis and not in 
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phage synthesis it would be reasonable to expect that when calcium is added 
to cultures incubated for some time without it the burst size would be greater, 
phage synthesis having continued for longer without interruption by lysis ; and 
the period between addition of calcium and the burst shorter than if calcium 
had been added at the earliest moment. In fact, however, the burst size decreases, 
and the period between addition of phage and the burst is not significantly altered. 
The reduction in the burst size given by infected cultures deprived of calcium 
for some time may be accounted for by assuming that the phage-bacterium 
complex is unstable in the absence of calcium when no synthesis of phage can 
take place. ‘These results and conclusions are in many ways similar to those of 
Fildes (personal communication) working with a typhoid-phage system which 
also required calcium for phage production. 


SUMMARY. 


Calcium, magnesium and strontium are active in causing lysis and phage 
production in the system Bact. coli B—T5st. Barium, beryllium, cobalt, copper, 
iron, manganese and zinc are inactive. 

The relationships between ionic size, electronic configuration and biological 
activity are discussed. 

The relative activities of calcium, magnesium and strontium have been investi- 
gated. Calcium is the most effective, causing maximal phage production at 
0-0005 M. ; ; 

Bacteria infected with phage without calcium can be caused to produce phage 
by the later addition of calcium. The burst size is reduced the later calcium is 
added, but the latent period after addition of calcium is not significantly altered. 

Calcium may be removed almost completely from the culture medium by 
dilution or treatment with citrate without preventing the multiplication of phage 
even if the complex has had access to calcium for only one minute. The burst 
size is, however, reduced the shorter the exposure to calcium, and it is considered 
the calcium must be present in the medium throughout the major part of the 
latent period if the maximum burst size is to be obtained. 


The author wishes to thank Sir Paul Fildes, F.R.S., the Director of the Unit, 
for his interest in the work and his valuable criticism of the manuscript. 
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It has long been known that the multiplication cycle of bacteriophage begins 
with adsorption on the bacterium, and ends when the latter lyses and liberates 
the newly formed particles into the medium. Until recently, however, the fate 
of the phage between adsorption and lysis was completely unknown. The first 
successful attempt to follow intracellular phage multiplication was made by Doer- 
mann (1948). He studied the growth of coli phage T4r in a mutant of Bact. coli B 
by causing premature lysis of the infected cells by multiple infection with phage T6 
and treatment with cyanide. The intracellular multiplication of phage T3 has 
recently been examined by a similar technique (Doermann, 1951). With this 
phage, which is a relatively small one, a second method, that of sonic disruption, 
was used with substantially similar results. From these experiments it appears 
that the infecting phage particles cannot be found inside the bacteria during approxi- 
mately the first half of the latent period. Then intracellular phage becomes demon- 
strable and increases until the cells contain a large number of particles. Lysis 
then follows. 

The T5st coli phage differs from phages T4r and T3 in that it requires divalent 
metal ions for its multiplication (Adams, 1949; Kay, 1952). It was not known 
at what stage in the growth of phage the metal was required, so it was decided to 
apply the premature lysis technique to phage T5st in a study of its intracellular 
growth and the effect of the divalent metal calcium. 

The sonic vibration technique could not be used because phage T5 is too easily 
destroyed, and the T6 lysis method which would require the production of large 
amounts of this phage and the use of a T6-resistant strain of bacteria for phage 
assay was not tried because a simpler method was found. Various methods were 
tried for liberating phage from infected cells. These included grinding with alumina, 
shaking with small glass beads and treatment with strong solutions of glycine 
(Maculla and Cowles, 1948). The first two methods were tedious and did not 
liberate much phage, while the glycine method resulted in clear lysates and very 
little loss of phage. It was also very simple to apply. This method was used 
throughout the work reported in this paper. 


METHODS AND MATERIALS. 


The bacteria, phage, medium and phage assay techniques were the same as in 
the previous paper (Kay, 1952). 
* Working with a personal grant from the Medical Research Council. 
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Glycine Lysis. 

Maculla and Cowles (1948) reported that a strain of Bact. coli was lysed by strong 
solutions of glycine. Lysis of young bacterial cultures proceeded most rapidly at 
pH 7-8 and 37°. As much as 80 per cent of the cell protein was made soluble. 
This effect seemed ideal for the liberation of phage from infected bacteria provided 
(1) phage was not affected by glycine and (2) lysis would take place in cultures of 
phage-infected bacteria inhibited by cyanide. The cyanide treatment was neces- 
sary to prevent further phage production while the glycine was acting. 

(1) The effect of glycine and cyanide on phage T'5st.—One ml. of phage at 1 x 
10°/ml. was added to 2 ml. of saturated glycine solution at pH 7-0 (approx. 3 M) 
containing 0-015 m KCN and incubated at 37° for 3 hours together with a control 
of phage diluted in water. In several experiments between 66 per cent and 100 per 
cent of the phage was recovered. 
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Fic. 1.—Lysis of Bact. coli B. 


A = 0-01 Mcyanide + 2M glycine + phage. B = 0:01 Mcyanide + 2mglycine. c = 2m 
glycine. 


(2) Lysis of cyanide-treated, phage-infected bacteria by glycine—A culture of 
actively growing bacteria at 6 x 108/ml. was divided into 3 volumes of 2 ml. A, B 
and C in test-tubes. To A was added 0-02 ml. of phage T5st at 4 x 10'/ml. and 
20 minutes was allowed for adsorption. This takes place slowly, and 20 minutes 
are required to ensure that most of the cells are infected. Then 0-3 ml. of 0-2 Mm 
KCN was added to A and B and 0-3 ml. of water to C. Four ml. of saturated 
glycine solution at pH 7-0 were then added to each tube. The turbidities of the 
3 tubes were measured at intervals in a nephelometer and used to calculate the 
percentage lysis. The results are given in Fig. 1. Bact. coli is lysed by glycine to 
the extent of 90 per cent in 85 minutes. Cyanide reduces the rate of lysis, but 
phage and cyanide increases the rate initially. Later the rate decreases and 90 per 
cent lysis is reached in about 2 hours. 





238 D. KAY 


Judging by the results of experiments 1 and 2 the technique of cyanide inhibition 
and glycine lysis can be used to break open phage-infected cells almost quanti- 
tatively without damaging the phage provided that lysis is allowed to proceed 
for more than 2 hours (3 hours were actually allowed). 


EXPERIMENTAL. 

In order to determine intracellular phage at any instant it is necessary to inhibit 
the further multiplication of phage while the bacteria are disrupted. Doermann 
(1948) used 0-01 mM cyanide to inhibit bacterial growth and indirectly phage multi- 
plication. As no data concerning this inhibition were published by Doermann, 
the action of cyanide on bacterial growth, phage production and lysis was investi- 
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Fic. 2.—Effect of 0-01 mM cyanide on the multiplication of Bact. coli B (increase in opacity 
at 500 mz.), 2a, and on synthesis of nucleic acid components (increase in opacity at 260 mu.), 


2b. 


A = normal cultures. B = cyanide-treated cultures. 0-01 m cyanide was added at point P. 


The Effect of Cyanide on Bacterial Multiplication and Synthesis of Nucleic 
Acid Components. 


As phage T5st consists of almost 50 per cent nucleic acid it was considered 
important to examine the nucleic acid synthesis of cyanide-treated bacteria. This 
was done by measuring the ultra-violet absorption of suspensions of bacteria at 
260 mu. at which wave-length the purine and pyrimidine components of nucleic 
acid absorb strongly. The effect of cyanide on bacterial multiplication was also 
determined by measuring the visible light absorption of the bacterial suspension 
at 500 my. The results are given in Fig. 2 together with those on untreated controls. 
The addition of 0-01 mM KCN to cultures of Bact. coli B immediately inhibits both 
bacterial multiplication and synthesis of nucleic acid components. 
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The Effect of Cyanide on Phage Production and Lysis. 

Nine bacterial cultures were set up in medium containing 0-0005 m calcium. 
Eight were infected with phage at the rate of 2 phages per cell and one (A) was 
retained as a control. All the cultures were incubated in T tubes (Kay and Fildes, 
1950) at 37°, and to 7 of the infected cultures 0-01 M cyanide was added at intervals. 
One infected culture (B) was allowed to lyse normally. The turbidities of all the 
cultures were measured at intervals. The results are given in Fig. 3, 4 of the curves 
being omitted for clarity. The striking fact is that if cyanide is added 16 minutes 
after infection or earlier (C) no lysis takes place. The addition of cyanide at 
23 minutes (D) permits a small amount of lysis, while later addition (E) causes 
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Fic. 3.—Effect of 0-01 m cyanide on lysis of Bact. coli B by phage T5st. 
A = normal culture, no phage, no cyanide. B = phage, no cyanide. c = phage, 
cyanide at 16 min. D = phage, cyanide at 23 min. E = phage, cyanide at 31 min. 


lysis to occur more rapidly than normally. This means that the cyanide lysis 
technique is of no value for studying intracellular phage during the first 23 minutes 
of the latent period because lysis does not occur. As will be shown later 23 minutes 
is about the time when all the infected cells contain an average of one phage particle, 
and apparently this is a pre-requisite of cyanide lysis. If the phage liberated in 
cyanide-treated cultures is measured and expressed as a percentage of the yield in 
the untreated culture the curve given in Fig. 4 is obtained. This shows that almost 
no phage is produced in cultures treated with cyanide in the first 23 minutes after 
infection, but that the addition of cyanide after this results in reduced phage yields. 
The later the cyanide is added the greater is the phage yield. This result together 
with those given in Figs. 2a and 2b is taken to mean that the 0-01 m cyanide is an 
efficient and rapid inhibitor of phage multiplication. The results will now be given 
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of experiments combining cyanide inhibition and glycine lysis to study the intra- 
cellular multiplication of phage T5st with and without calcium. 


Intracellular Growth of Phage T5st with Calcium. 

It was desirable for this experiment to have suspensions of phage-infected 
bacteria free from unadsorbed phage. These were prepared as follows: Bacteria 
were grown in L tubes in calcium-free medium to 6 x 108/ml. Phage was then 
added at the rate of 0-01 ml. of a concentrate containing 4 x 10/ml. to 2 ml. of 
bacteria. After allowing absorption to proceed for 4 minutes at 37° the cells were. 
sedimented in the centrifuge for 4 minutes, the supernatant discarded and the 
tubes drained. The cells were re-suspended in 2 ml. of medium and again sedi- 
mented, drained and made up to 2 ml. with fresh medium. This resulted in a 
suspension containing infected and uninfected bacteria, but very little free phage. 
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Fic. 4.—Effect of 0-01 m cyanide on phage production. 


It was known from previous experiments (Kay, 1952) that the addition of calcium 
initiated the overall production of phage, which required a latent period of 40 
minutes whether calcium was added immediately after adsorption or some time 
later. This property of the T5st phage was made use of in preparing infected 
bacteria. After diluting the infected suspension 1:10 and then 1:50, 10 ml. were 
incubated in an L tube and the process of phage multiplication started by the 
addition of 0-0005 m calcium. 

Samples of 0-1 ml. were withdrawn at intervals and assayed for a total phage 
count. From this the burst size could be found. At the same time 0-3 ml. samples 
were added to 0-6 ml. of saturated glycine solution containing 0-015 mM KCN adjusted 
to pH 7-0 and incubated at 37°. After three hours, by which time glycine lysis 
would be virtually complete, the phage liberated was assayed. The total number 
of plaque-forming centres consisting of infected bacteria and liberated phage and 
the intracellular phage are expressed as phage per ml., and plotted against time 
after the addition of calcium in Fig. 5. It can be seen that up to 12 minutes very 
little intracellular phage can be detected, but between 12 and 22 minutes a rapid 
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increase occurs, until at 26 minutes each infected cell contains an average of one 
phage particle. Thereafter the intracellular phage increases until between 42 and 
52 minutes ; when there are between 20 and 100 phages per cell the cultures begin 
to lyse naturally, liberating 150 particles per infected cell. It is interesting to note 
that the time when all the cells contain one phage particle coincides with the time 
when the cells become lysable by cyanide alone. 


Intracellular Phage without Calcium. 


In the absence of added calcium phage T5st multiplies to a small extent. 
It is theoretically possible that either intracellular phage multiplication is reduced 
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Fia. 5.—Multiplication of phage T5st with 0-0005 m calcium. 
A = Total phage count/ml. 8s = Intracellular phage count/ml. 


or inhibited by the absence of calcium, or that the phage has multiplied intra- 
cellularly and that the lytic process which liberates the phage has failed. To 
decide between these two possibilities the intracellular content of phage was 
examined in infected cultures incubated without calcium. The technique was 
the same as in the previous experiments. A typical result is given in Fig. 6. 
It can be seen that intracellular phage growth, while not being entirely inhibited, 
is greatly reduced compared with the growth in calcium medium. The rise in 
intracellular phage titre occurs later, 30-40 minutes instead of 12-22 minutes, 
and at no time is there an average of one phage per cell. A burst size of 8 was 
given in this particular experiment, but it is clear that this must have been derived 
from the burst of only a few cells, because prior to the onset of the burst only 
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1 cell in 6 contained infective phage. It is clear that the small production of 
phage in the absence of calcium is due to a small intracellular growth of phage 
and not to the failure of lysis. 


DISCUSSION. 


While this work was in progress there appeared a paper by Rountree (1951) 
concerning the growth of phage T5 in calcium broth. Her results and the relevant 
ones presented in this paper are in general agreement. The salient features of 
the growth of phage T5-are that during the first half of the latent period virtually. 
no intracellular phage is demonstrable, and that between 20 and 30 minutes a 
rapid increase in intracellular phage takes place. As many as 100 particles per 
cell can be detected before natural lysis takes place. This sequence of disappear- 
ance of the infecting phage followed by the sudden reappearance of infective 
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Fic. 6.—Multiplication of phage T5st without calcium. 
A = Total phage count/ml. 8s = Intracellular phage count/ml. 


particles and their intracellular multiplication seems to be characteristic of all 
phages yet studied. It has been shown to take place with Tl and T2 (Joklik, 
1952), T3 (Doermann, 1951), T4 (Doermann, 1948) and now with T5. Indeed it 
may be characteristic of all viruses, for it has been shown by Hoyle (1948) that 
the influenza virus disappears from the allantoic membrane of infected eggs for 
a few hours, only to appear again and multiply. In the light of these experiments 
it is reasonable to assume that the cycle of virus multiplication, at least in the case 
of phage, begins with the adsorption of phage by the susceptible cell, and is 
followed by the breakdown of the phage into sub-units as suggested by Luria 
(1950). The results of Maaloe and Watson (1951) with coli phage T2 indicated 
that only 30-40 per cent of the phosphorus of the infecting virus particle finds its 
way into the progeny. Clearly a considerable breakdown of the phage has taken 
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place. However, the breakdown does not proceed so far as to destroy the genetic 
properties of the phage, because these are transmitted to the progeny. 

The phage breakdown products carrying the genetic properties of the phage 
are presumably the centres around which the new phage is built. In all the phages 
yet studied it appears to take about half the latent period before any of these 
new phages are completed. In the case of phage T5 the processes of adsorption 
and breakdown take place whether calcium is present or not, but in the absence 
of calcium the growth of the new phage particles is almost completely inhibited. 
Calcium, therefore, appears to be needed for the building of material round the 
genetic centres to form the new phage particles. 


SUMMARY. 


A procedure consisting of cyanide inhibition followed by lysis with strong 
glycine solution was used to study the intracellular growth of phage Tdst. 

Phage adsorbed by the bacteria cannot be recovered from the glycine-lysed 
cells. 

After approximately 20 minutes infective phage appears in the cells and 
intracellular multiplication of the phage takes place. 

In the absence of added calcium very little intracellular multiplication takes 
place. 

It is suggested that calcium is needed for the production of infective phage 
from the “ genetic centres ”’ into which the phage is initially disintegrated. 


The author wishes to thank Sir Paul Fildes, F.R.S., the Director of the Unit, 
for valuable criticism and advice, and the Medical Research Council for a personal 
grant. 
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AN examination of the agglutinability of the erythrocytes of cord bloods 
from infants belonging to group A with anti-A sera (Witebsky and Engasser, 
1949), and of the erythrocytes of cord bloods from infants of group B with anti-B 
sera (Engasser and Witebsky, 1948), revealed that when native immune sera 
of human origin were employed the cord blood cells were agglutinated to almost 
the same extent as were adult cells of the corresponding group. These results 
were in accordance with those of earlier workers (see Lattes, 1932), who reported 
that the A and B agglutinogens are always well defined at birth, so that the group 
of the newborn child can be determined without serious risk of error. All the 
blood group antigens on the erythrocyte surface are not, however, detectable 
at birth ; for example the Le* property cannot be demonstrated in cord bloods 
(Andresen and Henningsen, 1951), and it was therefore of interest, both from a 
genetical point of view in the comparison of the behaviour of the products of 
allelomorphic genes, and from a practical standpoint, to determine whether the 
product of the blood group O gene, allelomorphic with genes A and B, and also the 
closely related heterogenetic H character (Boorman, Dodd and Gilbey, 1948 ; 
Morgan and Watkins, 1948) can be detected in the erythrocytes of cord bloods from 
infants of group O. A recent communication on the development and secretion 
of the blood group O factor in the newborn by Formaggio (1951) prompts us to 
record at this stage the results of our own work in this field. The observations 
now reported represent part of a much broader investigation being undertaken on 
the nature of the so-called O factors in human erythrocytes and secretions. 

Formaggio followed the development of a group O character in red cells and 
saliva of the newborn by means of an immune agglutinin, largely specific for O 
and A, cells, which was present in the serum of a goat which had been immunised 
with Shigella shigae. This reagent was introduced many years ago by Eisler 
(1930), and has been subsequently employed by numerous investigators (Land- 
steiner and Levine, 1931; Schiff, 1934; Hirszfeld and Amzel, 1940; Kabat, 
Baer, Bezer and Knaub, 1948) for the agglutination of cells of group O or for 
the measurement of the concentration of the so-called O-substance in saliva, 
gastric juice, etc. The goat anti-Shigella shigae immune serum is one of several 
different reagents which possess the property of agglutinating group O cells, 
and it would appear that not all of them detect the product of Bernstein’s O gene, 
since the action of many of the so-called anti-O sera on group O cells can be 
completely inhibited by the secretions derived from persons belonging to group 
A,B who do not possess an O gene, according to Bernstein’s theory, which in 
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a somewhat expanded form is now generally accepted as explaining satisfactorily 
the inheritance of the classical A, B, O blood group characters. Formaggio 
does not record whether the immune goat serum employed in his investigations is 
inhibited by the secretions of A,B individuals, nor does he demonstrate the 
reactivity of the serum with cells of authentic genotype, but nevertheless concludes 
that the results obtained contradict the idea that the so-called anti-O sera of 
animal] origin have only anti-H specificity. 

Rapoport and Buchanan (1950) investigated the blood group activity of 
meconium, the characteristic first stool from the newborn infant, and established 
that for the A and B characters the activity of the meconium corresponds to the 
infant’s blood group, but their presence is restricted to those babies who also 
secrete their blood group substance in saliva. In a subsequent paper (Buchanan 
and Rapoport, 1951) these authors reported that in 2 group O infants “O” 
activity could be demonstrated in the meconium but no trace of “O”’ activity 
was found in the saliva. The source of the “ anti-O”’ test reagent and its sero- 
logical behaviour, however, were not given, and it was therefore not possible to 
determine whether the property referred to was O or H. In view of the technical 
difficulties associated with obtaining an adequate supply of saliva from newborn 
infants, the tests to be described in this paper for the presence of O and H sub- 
stances in the secretions of group O infants at birth have been carried out in most 
cases with meconium samples in place of saliva. 

The results concerning the O and H reactivity of both erythrocytes and 
secretions of the newborn have been obtained with several specimens of human 
anti-O and anti-H sera, as defined by Morgan and Watkins (1948), and with 
animal anti-H sera of different origin. 


MATERIALS AND METHODS, 


Human anti-O and anti-H reagents.—The serum characterised by Boorman, 
Dodd and Gilbey (1948) as a reagent which detects the product of Bernstein’s 
O gene was not inhibited by the so-called O-substance (H-substance) in saliva 
or by pseudomucinous ovarian cyst fluids of group O, but was inhibited by a 
water-soluble material obtained from O cells and not by material prepared in 
a similar manner from A,B cells (Morgan and Watkins, 1948 and unpublished 
observations). Subsequently sera showing preferential reaction with group O 
cells have become available which are identical in behaviour with this first serum 
in inhibition tests with the water-soluble substances, and all such sera have been 
provisionally classified as ‘‘ anti-O ” reagents. Less frequently human sera are 
met which are inhibited by saliva from group O secretors and by the material 
isolated from group O pseudomucinous ovarian cyst fluids, as well as by the O 
erythrocyte extract ; these sera are classified as anti-H reagents. 

Animal anti-H sera.—The reagents used in this investigation were (1) several 
sera prepared by immunisation of rabbits with human H-substance isolated 
from pseudomucinous ovarian cyst fluids (Morgan and Waddell, 1945), (2) two 
specimens of natural serum from the eel Anguilla anguilla (Jonsson, 1944), (3) one 
selected specimen of natural cattle serum (Schiff, 1927), (4) one specimen of 
immune serum from chicken prepared against Shigella shigae (Grubb, 1949). 
The sera were prepared for use by absorption with A,B cells, and in the final tests 
a reaction was only regarded as significant if the agglutination titre obtained 
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was considerably higher than that given by A,B cells. The specificity of these 
reagents was designated as anti-H, since they were all inhibited by saliva from 
group O secretors and by material isolated from pseudomucinous ovarian cyst 
fluids. In addition inhibition was obtained in some instances with saliva from 
secretors of group A,B. 

Goat serum.—The specimen used, produced in the goat by immunization 
with Shigella shigae, was supplied through the kindness of Dr. E. A. Kabat, of 
New York. This serum was not inhibited by saliva from secretors of group O 
but was inhibited, although weakly, by preparations of human H-substance 
isolated from pseudomucinous ovarian cyst fluids and by material obtained 
from hog stomachs (Annison and Morgan, 1950). 

Cytisus sessilifolius.—A purified extract from the seeds of this plant prepared 
by Dr. K. Koulumies of Helsinki, agglutinated O cells to a greater extent than 
cells of other groups, and was inhibited by human H-substance as well as by the 
O stroma preparation. For the purposes of this investigation it has therefore 
been classified as an anti-H reagent. 

Blood samples from the newborn.—Erythrocyte suspensions were prepared 
from cord blood-clots by breaking up the clot in saline and filtering through 
a plug of cotton-wool. The cells were washed once and made up to a concentration 
of 1 per cent in saline. 

Saliva and meconium samples.—Saliva was collected from newborn infants 
by rubbing a cotton-wool swab over the floor of the mouth and squeezing out the 
collected liquid into a small tube. The samples were heated in a boiling water 
bath for 10 minutes and stored at —10°. Meconium was collected from babies 
during the first 24 hours after delivery and stored in jars at 0-4°. Samples, 
representing about 1 g. of the wet material, were extracted with 5-10 ml. of saline, 
the insoluble residue was spun down and the supernatant was stored in the 
presence of toluene for use in agglutination inhibition tests. 

Agglutination tesis—These tests were carried out as described previously 
(Morgan and Watkins, 1951). 

Treatment of red cells with trypsin.—One volume of stock solution of ‘‘ Difco ” 
trypsin (5 per cent in 0-05 Nn HCl) was diluted with 4 vol. 0-07 m phosphate buffer 
pH 8-0 and 8 vol. of 0-9 per cent NaCl. Packed washed red cells (0-1 ml.) were 
suspended in 2 ml. of the diluted trypsin solution and the mixture incubated at 
37° for 15 min. At the end of this time the cells were washed once with saline 
and 1 per cent suspensions were prepared from the packed cells. 


RESULTS. 
Reactivity of cord bloods with Human Anti-O Sera. 


Erythrocytes obtained from cord bloods of group O were examined for agglu- 
tination with 11 human sera, classified as anti-O reagents, i.e., those sera which 
reacted preferentially with O and A, cells from adults and were neutralised by 
an extract prepared from O cells but not by human H-substance, and the titres 
obtained were compared with those given by group O cells from adults. Two 
of the sera, ‘‘ Culver ’’ and “‘ Huntley,” reacted consistently with all the erythro- 
cyte suspensions from group O cord bloods to a titre only slightly lower than with 
O cells from adults, but the remainder of the sera failed to react, or showed only 
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weak agglutination, with the infants’ cells. The results obtained with two speci- 
mens of group O cord blood cells when titrated with four different anti-O sera 
are shown in Table I. The degrees of agglutination given by red cells from these 
two cord bloods are typical of those obtained for these particular sera with all 
the group O cord bloods tested. The range of agglutination titres given by a 
number of group O cord bloods with the 11 anti-O reagents are set out in Table IT. 


TaBLE I.—The Agglutination Reactions of Erythrocytes from Two Cord Bloods 
of Group O with Four Different Anti-O Sera. 


Dilution of test serum. 


Anti-O 
test serum. Test-cells. os 


Sharp - Ocells from adults ey. 
Group O cord {5589 . 1 
bloods 5667 . tr. 


1:8 1:16 1:32 1:64 1:128 1:256 1:512 1:1024 
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bloods 5667 . 
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bloods 5667 . 
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Huntley . O cells from adults ; 
Group O cord [5589 . 
bloods 5667 . 


Degrees of agglutination : 


tr., trace of agglutination ; 

1, groups of 2-3 cells ; 

2, larger groups with many free cells ; 

3, agglutination visible to the naked eye. 
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TaBLE II.—The Agglutination Titres of Erythrocytes from Cord Bloods of 
Group O with Eleven Different Human Anti-O Sera. 


Group O cord blood cells. Titre against 

pee Roe ator aos RCW 

serum, Number Agglutination Average 0 pg 
tested. titre range. titre. en 


4248 . ; Pe ‘ <2-8 . 3 : 256 
Hayter ; ’ : <2 . <2 ‘ 32 
WH: . ‘ > <2-8 i 2 x 256 
Foster ‘ z ‘ <2-2 ; <2 ‘ 32 
Barratt ‘ ‘ ‘ <2-2 . P 64 
Sharp ‘ ‘ : <2-4 ‘ ie 512 
Walsh 7 ; ; <2-8 J ! 128 
Dudley ‘ ‘ ‘ <2-2 ‘ i 32 
Hayles ; ‘ . <2 y ' 128 
Culver ; é A 8-16 : . 16 
Huntley . . A 128-512 ‘ ‘ 1024 


Anti-O 


The failure of the majority of the anti-O reagents to agglutinate the group O 
cord bloods suggested that the sera ‘‘Culver”’ and ‘“‘ Huntley ” might contain 
two kinds of antibody molecules, differing either in specificity or in some physical 
property, such as size, shape, etc., one type of which reacted with O cells from adults 
and the other with infant’s O cells. Agglutination inhibition tests with the water- 
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soluble material prepared from adult O cells and with human H-substance revealed 
that the agglutination of the group O cord blood cells was inhibited by the former 
preparation but not by the latter. Within the broad limits of this test, therefore, 
the antibodies reacting with the cord blood cells appear to have the same specificity 
as those reacting with O cells from adults. In order to obtain further evidence 
for the identity of the antibodies concerned with agglutination of O cells from 
cord bloods and adults absorption experiments were carried out with both types 


TaBLE III.—The Agglutination Reactions of Erythrocytes from Two Cord Bloods - 
of Group O with Six Anti-H Reagents of Different Origin. 


Anti-H Dilution of anti-H reagent. 
enh ar nt Test-cells. a 
os ate 1:4 1:8 1:16 1:32 1:64 1:128 1:256 1:512 1:1024 
Immune rabbit . Cells from 0 ee 3 3 3 
serum adults A,B a. Rs 0 0 
(v. human H-sub.) 
1 
1 


Group O cord f 5582 
bloods 5667 


Natural cattle . . Cells from 0 
serum adults A,B 


Group O cord 5582 
bloods 5667 
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Immune goat . Cells from 0 
serum adults A,B 
(v. Sh. shigae) 
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Group O cord 5582 
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Natural eel ‘ Cells from 0 
serum adults A,B 
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of cells. The sera (0-5 ml.) ‘ Culver” and “ Huntley’ were each absorbed 
twice with 0-1 ml. packed washed cells for 30 minutes at 8-10° and samples were 
withdrawn and titrated after each absorption. Similar absorptions were carried 
out with A,B cells as a measure of the non-specific removal of agglutinins. It 
was found that absorption with either group O cord blood cells or group O cells 
from adults removed the antibodies active against both types of cell. On the 
other hand absorption with group O cord blood cells of the anti-O sera “‘ Barratt ” 
and ‘‘ Sharp”, which fail to agglutinate these cells, did not result in a lowering 
of the titre against O cells from adults. 
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Reactivity of cord bloods with Anti-H Reagents. 

Examination of the agglutinability of cells from cord bloods of group O with 
a number of anti-H reagents of different origin showed that, as with human 
anti-O reagents, the degree of agglutination obtained, and therefore the conclusion 
as to the extent to which the H character is developed on the red cell surface at 
birth, depends upon the reagent employed. The results of titrations with cell 
suspensions prepared from group O cord bloods against six different anti-H 
reagents are given in Table III. The average agglutination titres obtained with 
a number of group O cord bloods with reagents of different origin and, in some 
instances, more than one specimen of reagents of the same origin, are shown in 
Table IV. The four specimens of rabbit anti-H serum all reacted with the O cord 
blood cells to a considerably higher titre than with control A,B cells and, although, 
owing to the small quantity available, it was possible to test only 4 cord bloods 
with the Cytisus sessilifolius extract, this reagent also appeared to react strongly 


TaBLE IV.—The Agglutination Titres of Erythrocytes from Cord Bloods of 
Group O with Anti-H Reagents of Different Origin. 


Group O cord blood cells. Titre against 
adult cells. 


: Pree TEA ESE SEN ANS ISR E LR ErOE NS 
Anti-Hi reagent. Number Agglutination Average 
tested. titre range. titre. oO. A,B. 


Human serum (Warboys) . ; 31 <2-16 3 ° 64 — 
“ » (Cawdron) . ‘ 4 <2-2 <2 ‘ 32 a 
Immune rabbit serum (No. 50) . 10 1024-2048 1300 ‘ 5000 80 
- ¥ oe a es 27 256-2048 1000 - 2048 80 

5 $5 » (Pool) z 64-256 142 ‘ 1024 8 

” ” » (No. 245) . 1000—10,000 3000 - 10,000 160 
Natural cattle serum 4 ‘ 4-16 8 ‘ 256 4 
Ok oo tee ®) > 4-32 14 ‘ 1024 8 
Ee » (No. 2) ‘ 10-40 20 ¥ 1280 20 


Immune chicken serum  . 8-32 a. 256 4 
goat ri 8-32 15 ‘ 512 + 


Cytisus sessitli, ifolius ‘extract 
(1:1000) . . ° ° 32-128 72 ° 128 4 


with the O cord blood cells. The remainder of the reagents, human anti-H, 
natural cattle serum, goat anti-Shigella shigae serum, natural eel serum and chicken 
anti-Shigella shigae serum reacted only weakly with the cord bloods, or failed to 
agglutinate to a higher titre than that given by A,B cells. Agglutination inhi- 
bition tests showed that the agglutination of cord blood cells of group O by rabbit 
anti-H serum can be inhibited by human H substance. 


Attempts to bring about agglutination under different experimental conditions. 


The absence of agglutination with many of the anti-O and anti-H reagents 
when titrations were carried out with cells from group O cord bloods in saline 
made it of interest to determine whether agglutination would result if different 
conditions were used. According to Morton and Pickles (1947) treatment with 
trypsin produces changes in the surface of erythrocytes which render Rhesus (D) 
positive cells agglutinable by sera which formerly functioned only as incomplete 
D antibodies. Cord blood cells of group O were therefore exposed to the action 
of trypsin to determine whether such treatment would remove structures masking 
the O and H receptors, and thus allow them to agglutinate with those reagents 
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with which they normally fail to react. Agglutination tests were carried out at 
23° instead of at 16-18°, the usual temperature for anti-O and H tests, in order 
to prevent the non-specific agglutination of trypsin-treated cells which occurs at 
lower temperatures. Erythrocytes from four group O cord bloods, and group O 
and A,B cells from adults, were treated with trypsin and were then tested with 
two anti-O sera, 4248 and “‘ Sharp,” and with a human anti-H reagent ‘‘ Warboys.” 
No increase in agglutination titre greater than that given by the control A,B cells 
was, however, obtained with the cord O cells. Titration of the same reagents 
with cord bloods of group O in 20 per cent albumin in place of saline, a technique 
used for the detection of ‘‘ incomplete” antibodies, likewise failed to cause an 
increase in the agglutination titre greater than that given by control cells. The 
indirect anti-globulin test described by Coombs, Mourant and Race (1945) for the 
detection of “‘ incomplete ” Rhesus antibodies was applied to determine whether 
antibody was attached to the cord blood erythrocytes despite the absence of 
agglutination. Suspensions of cord blood cells (20 per cent in saline) were added 
to an equal volume of anti-O or anti-H serum, the mixtures were incubated at 
37° for 30 minutes, centrifuged, the deposited cells washed three times with saline 
and then made up to a concentration of 1 per cent in saline. Titration against 
serial dilutions of rabbit anti-human y-globulin serum did not, however, reveal 
the presence of antibody globulin combined with the group O cord blood erythro- 


cytes. 


Development of reactivity to Anti-O Sera and Anti-H Reagents within the first 

year of life. 

The development of the O and H characters as measured by those reagents 
which fail to react, or agglutinate only weakly, with group O cells from the 
newborn, was followed by examining cells from group O babies at various time 
intervals after birth. The average agglutination titres given by several samples 
for each age level with the different reagents are shown in Table V. Samples 
taken 10-15 days after birth gave reactions similar to those obtained with group O 
cord bloods, but at the age of 1 month stronger agglutination was observed with 
all the reagents, and the agglutinability progressively increased until between 
6 and 12 months when titres equal to those given by O cells from adults were 
reached. 


H Substance in meconium and saliva of new-born infants. 


Meconium samples from 42 group O infants were tested for their capacity to 
inhibit the agglutination of O cells from adults by anti-O and anti-H reagents of 
human and animal origin. Although the exact concentrations were unknown, 
the water-soluble material extracted from the meconium samples was in many 
instances found to be a potent source of H-substance, and frequently inhibited 
the agglutination of O cells by 3-4 completely agglutinating doses of immune 
rabbit anti-H serum when the extract was titrated out in serial dilutions for 
7 or 8 tubes. Those samples which inhibited immune rabbit anti-H were found 
without exception to neutralise also natural eel serum, immune chicken serum, 
natural cattle serum and the human anti-H serum “ Warboys.” In addition 
the serum ‘“ Warboys ” was found to be inhibited by those meconium extracts 
from group O babies which failed to inhibit the animal anti-H reagents, and, 
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indeed, all the samples of meconium tested, from all groups (total 89), have so 
far shown some capacity to inhibit the agglutination of O cells by this serum. 
The total number of non-secretors, as measured by the failure to inhibit anti-A, 
anti-B or animal anti-H sera, found for all the meconium extracts examined was 
19, i.e., 21 per cent, which agrees fairly well with the percentage of non-secretors 
found for adult salivas (23 per cent: Grubb and Morgan, 1949). The serum 
“ Warboys ” must therefore be detecting a substance which is present in meconium 
samples from non-secretors as well as secretors. 

Examination of saliva samples from newborn infants for inhibition with the 
same reagents showed that, in agreement with the results obtained with adult 
salivas, inhibition of the serum ‘‘ Warboys ”’ was restricted to those salivas which 
also inhibited the animal anti-H reagents. Two other anti-H reagents of human 
origin, serum ‘‘Cawdron”’ and serum 28439, when tested with two meconium 
extracts which inhibited the agglutination of O cells by the animal anti-H reagents 
and with two samples which had no effect on the latter sera, were found to behave 
similarly to the serum ‘“‘ Warboys.”’ The detection of a substance present in 
meconium from ‘“‘non-secretor”’ infants would therefore appear to be a property 
common to human anti-H reagents. The inhibition of the agglutination of O cells 
by anti-H sera of different origin, given by saliva and meconium samples from 
two newborn infants of group O, one of the “secretor”’ and the other of the 
“ non-secretor ”’ type, are shown in Table VI. 


TaBLE VI.—Inhibition by Saliva and Meconium Samples from Two Newborn 
Group O Infants, of the Agglutination of O Cells by Anti-H Reagents of Different 
Origin. 

Dilution of meconium Desied of enlive, 


extract. Saline 
control. 


Name of 


infos, Anti-H reagent. 


ere: ee ry 
1:2 1:4 1:8 1:16 1:32 1:2 1:4 1:8 1:16 1:32 


0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
2 
3 
3 
2 


Elliot . Human serum (Warboys) 
” » (28439) 
Immune rabbit serum 
oe chicken ,, 
Natural cattle a 
” eel ” 
Immune goat ” 


moooooo 
moooooco 
CO Go Go Go Go bo 


Human serum (Warboys) 
” » (28439) 
Immune rabbit serum 
= chicken ,, 
Natural cattle ‘a 
» eel 9 
Immune goat 


WwWwwwwooe cooocooooo 
wWwwwwoc cooooocoo 
WwwwwnDmw NwmNooooooe 
wWAawnwwnrwew wooooo~ 
WAownwwnrw Weoorot 
WwowwwnMmw wnNoonor 


WwWHwwwwoe 
WO CO G8 GO GO = CO 


Dilution of saliva Dilution of saliva 
from adult from adult 
** secretor ”’ ** non-secretor ”’ 
(R.A.G. Group O). (M.G.M. Group O). 


1:2 1:4 1:8 1:16 1:32 1:2 1:4 1:8 1:16 1:32 
3 


Human serum (Warboys). ms 
- tr. 


0 
»» », (28439) 0 
Immune rabbit serum 0 
oe chicken ,, eh 
Natural cattle a ae 
” eel ” 0 
Immune goat io 1 





ee ee ee ee 


@.. -_4 ht Ge fo . Ste Mm Oo tel lClUleetlCU et CU 


on hae a 


= 


a ee a a ee a 


BLOOD GROUP CHARACTERS IN THE NEWBORN 253 


Water-soluble substances inhibiting the human anti-O reagents occur only 
rarely in saliva or pseudomucinous ovarian cyst fluids from Group O individuals. 
Inhibition tests with meconium from group O infants, however, revealed that 
many samples have the property of inhibiting the agglutination of O cells by some, 
but not all, of the test-sera provisionally classified as anti-O. Saliva from new- 
born infants, on the other hand, behaved in the same way as saliva from adults in 
failing to neutralize the action of any of the anti-O reagents. The results of these 
inhibition tests with meconium samples will be given in more detail in a later 
communication. 


DISCUSSION. 


The major problem in all studies on the blood group O character is to determine 
which, if any, of the multitude of reagents, of both human and animal origin, 
that react preferentially with group O cells, do in fact detect the product of the 
O gene postulated by Bernstein. Formaggio (1951) for his studies on the develop- 
ment of the blood group O character in the newborn used an anti-O reagent 
prepared in the goat by immunisation with Shigella shigae (Eisler, 1930). Other 
antibodies which share the common property of reacting with an antigen present 
on all O and A, cells, and to a lesser extent with receptors on the cells of some 
individuals belonging to groups A and B, occur naturally in cattle serum (Schiff, 
1927), in sera from the eel Anguilla anguilla (Jonsson, 1944), and more rarely in 
human serum, and can be prepared in chickens by immunisation with Shigella 
shigae (Grubb, 1949), and in the rabbit by immunisation with material isolated — 
from pseudomucinous ovarian cyst fluids from group O secretors (Morgan and 
Waddell, 1945). In addition an extract prepared from seeds of Cytisus sessili- 
folius has been shown to exhibit this same specificity (Koulumies, 1950). 

The observation that the agglutination of O cells by many of these so-called 
anti-O sera of animal origin can be inhibited by secretions of individuals who do 
not possess the O gene, such as persons belonging to group A,B (Witebsky and 
Klendshoj, 1941), and the failure of these sera to differentiate clearly between 
homozygous (AA, BB) and heterozygous (AO, BO) erythrocytes (Moureau, 
1946 ; Hirszfeld and Amzel, 1940) had for some time past thrown doubt on the 
authenticity of these sera as reagents detecting the product of the O gene. It was 
not, however, until it was demonstrated that a human serum, characterized as 
a reagent detecting the product of the O and A, genes on the basis of its reaction 
frequencies with 500 random blood samples (Boorman, Dodd and Gilbey, 1948), 
was not inhibited by saliva from group O individuals, that it was possible to 
divide the reagents which agglutinate O cells into two groups. Those sera which 
were inhibited by substances present in secretions and tissue fluids of individuals 
of group O were designated as anti-H and the factor detected by them as H- 
substance (Morgan and Watkins, 1948) ; those sera which were not inhibited by 
H-substance were provisionally grouped together and designated as anti-O. All 
the sera belonging to this latter group were inhibited by an extract prepared from 
O cells, as were also the anti-H sera, but not by an extract prepared in a similar 
manner from A,B cells. Examples of both anti-O and anti-H agglutinins were 
found amongst the human sera, although anti-O reagents appear to be encountered 
most frequently. With the exception of the goat anti-Shigella shigae serum all 
the animal sera were characterised as anti-H reagents. The results obtained 
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with the one specimen of goat serum at our disposal do not make it clear in which 
category this serum should be placed, since, although agglutination of O cells 
by this reagent is not inhibited by saliva from group O, some inhibition is obtained 
with preparations of H-substances isolated from cyst fluids. It may be mentioned 
in this connection that this reagent appears to differ from the goat serum used by 
Formaggio (1951) which was inhibited by group O saliva, and was therefore 
presumably an anti-H reagent, as were the original reagents prepared by Eisler 
(see Schiff, 1934). 


It is clear that the failure of a serum specific for O and A, cells to be inhibited 


by H-substance does not provide rigid evidence that the reagent is detecting the 
product of Bernstein’s O gene, and the inhibition by the O stroma extract does 
not necessarily give further proof, since this preparation may contain a mixture 
of antigens, and the group of sera classified as anti-O may therefore include a 
number of unrelated antibodies. Nevertheless the reactivity of these sera 
cannot be correlated with that of reagents detecting the blood group characters 
M, N, 8S, P, Le*, Le”, Lutheran, Kell or Rhesus, and if some of the sera classified 
under the heading anti-O are detecting receptors other than the product of the 
O gene these antigens must be as yet unidentified. (Differences in the behaviour 
of sera placed together in the same group are revealed by the results presented in 
this paper on the reactivity of erythrocytes from cord bloods of group O with 
anti-O and anti-H agglutinins. {Examination of 11 human sera classified as anti-O 
reagents showed that with the majority of sera the cord blood cells failed to react, 
or were agglutinated only very weakly, whereas two serum samples, “‘ Culver ” 
and ‘“‘ Huntley,” reacted without exception with all group O cord bloods tested 
to a titre only slightly lower than that obtained with group O cells from adults. 
That this difference is not due solely to the potency of the sera is shown by the 
fact that although “ Huntley ” was the most powerful anti-O serum available 
(titre 1024), “ Culver ” reacted with O cells from adults only to a dilution of 1:16, 
whereas sera such as “‘ Sharp” or 4248, with titres of 512 and 256 respectively, 
failed to give agglutination with the cord blood cells. Inhibition with the O 
stroma preparation of the agglutination of the group O cord bloods by the two 
reagents suggested that the sera were detecting the same antigen on the cord 
blood cells as on adult cells, and this was confirmed by absorption experiments, 
by means of which it was demonstrated that the adult O cells removed the anti- 
body active against group O cord blood cells and vice versa. Absorption with 
O cord blood cells of anti-O sera which failed to agglutinate these cells did not 
lower the agglutination titre against O cells from adults. 

=~ The obvious explanation for the difference observed in the behaviour of the 
anti-O sera with erythrocytes from cord bloods is that those sera which bring 
about agglutination are detecting a structure which is developed at birth, whereas 
those which fail to react are specific for a different antigen which is not developed 
in foetal life. An alternative possibility is that the O antigen on the infant’s 
cells is masked by other structures, and that only sera which possess antibody 
molecules of a certain size and shape are able to combine with the specific groupings 
and bring about agglutination. In an attempt to determine whether agglutination 
would result under different experimental conditions with those sera which failed 
normally to react with O cord blood cells, titrations were carried out in albumin, 
with cells treated with trypsin and with anti-human-y-globulin serum after 
exposure of the cells to the appropriate anti-O sera. None of these procedures, 
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however, resulted in an increase in agglutination greater than that given by 
control cells. ~ 

Examination of the agglutinability of erythrocytes from group O cord bloods 
with human and animal anti-H sera showed that discrepancies are also found in 
the behaviour of the sera of this group. Two examples of human anti-H sera, 
natural eel, natural cattle and immune chicken anti-Shigella shigae serum failed 
to react, or reacted only weakly, with the O cord blood cells, whereas several 
specimens of serum from rabbits immunised with human H-substance and one 
specimen of an extract prepared from Cytisus sessilifolius seeds reacted without 
exception with the cord bloods to a considerably higher titre than that given 
by A,B cells. In agreement with the results obtained by Formaggio (1951) 
with group O cells from newborn infants, the immune goat anti-Shigella shigae 
serum gave only very weak agglutination reactions with the O cord blood cells. 

The development of the ‘‘O” and ‘‘H”’ factors on the erythrocyte surface 
was followed for those reagents which failed to react with cells from cord bloods 
by testing cells from group O babies at various time intervals after birth. During 
the first two weeks of life the reactivity of the cells does not appear to alter, but 
the O and H properties gradually develop after this until by the twelfth month 
the average intensity of agglutination with all the anti-O and anti-H reagents is 
comparable to that given by O cells from adults. 

Examinations of meconium samples from newborn babies revealed the presence 
of H-substance in considerable quantities in many specimens as measured by 
inhibition with all human and animal anti-H sera, irrespective of whether the 
reagents were reactive or not against cord blood erythrocytes. This is in accor- 
dance with Formaggio’s observation that the quantity of H(O) antigen detectable 
on the cell surface is not proportional to the quantity present in secretions and 
body fluids. The lack of relationship between the presence of a blood group 
character on the cell surface and its appearance in secretions is known for other 
blood group systems ; for example, cells from adult Le (b+) individuals, who 
can be shown to possess the Le* gene by the presence of Le*-substance in their 
saliva, fail to react with anti-Le* sera. Whether this effect is due to the absence 
of the character in question from the erythrocyte surface or whether the failure 
to react is due to the overshadowing effect of some other specific or non-specific 
structure is not yet known. H-substance was also shown to be present in a number 
of saliva samples from newborn infants of group O, and when animal anti-H 
reagents were employed for the inhibition tests the results obtained with saliva 
and meconium samples from the same baby were in agreement ; i.e., if H-sub- 
stance was found in the meconium it was also detected in the saliva. The human 
anti-H reagents, however, appeared to react with a product which was present in 
those meconium samples from group O infants which failed to inhibit the animal 
anti-H sera, and in the two instances in which meconium samples exhibiting this 
behaviour were examined in conjunction with saliva samples from the same 
baby, the product inhibiting the human anti-H sera was shown to be absent 
from the saliva. The significance of this finding in relation to the specificity of 
the human and animal anti-H reagents is not at present understood. 

The differences in the agglutinability of group O cord bloods with several 
specimens of human anti-O sera and several specimens of anti-H sera of various 
origins, and the discrepancies in behaviour observed when these reagents are 
tested for inhibition with meconium and saliva samples, are not the only examples 
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of differences in reactivity between these groups of reagents which have been 
classified as having the same specificity. Results, to be reported later, obtained 
with water-soluble extracts prepared from group O erythrocytes, with different 
preparations of human H-substance isolated from ovarian cyst fluids and with 
meconium samples, suggest that, while the broad differentiation of the sera into 
the two previously defined groups, anti-H and anti-O, is a valid division, further 
subdivisions can be made within each group. In view of this fact it would appear 
improbable that all the reagents classified as ‘‘ anti-O ” are detecting the product 
of the O gene allelomorphic with genes A and B, and it is therefore clearly not 
possible at this stage to decide whether or not the O property is developed at 
birth. The results of this investigation have, however, emphasised the need for 
-caution in basing conclusions on findings obtained with any one reagent, and have 
given a further demonstration that our knowledge of the O and H characters 
and the antibodies which detect them is still far from complete. 


SUMMARY. 

The reactivity of the O and H receptors on the surface of erythrocytes from 
group O cord bloods and the capacity of saliva and meconium from newborn 
infants to neutralise human anti-O sera and anti-H reagents of human, animal 
and plant origin have been investigated. 


I am greatly indebted to Dr. C. A. Holman for the generous supply of cord 
bloods, saliva and meconium samples, and to Dr. W. T. J. Morgan, F.R.S., for 
interest and advice. My thanks are also due to the staff of the M.R.C. Blood 
Group Reference Laboratory for the supply of human sera, to Dr. J. R. E. Richard- 


son for samples of infants’ bloods, to Mr. B. E. Gilbey for certain sera, and to 
Dr. K. Koulumies of Helsinki for the Cytisus sessilifolius extract. I am indebted 
to the Medical Research Council for a grant. 


Addendum. 


Since the above paper was written three specimens of human anti-H sera have 
been encountered (Bhende, Deshpande, Bhatia, Sanger, Race, Morgan and 
Watkins, Lancet, 1952, +. 903). These sera agglutinate group O cells from the 
newborn almost as strongly as group O cells from adults and differ from the 
three human anti-H sera described in the paper in that they are not neutralised 
by meconium samples from babies of the ‘‘ non-secretor ”’ type. 
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THe Castaneda-positive viruses form a large group of more or less closely 
related agents, of which some cause psittacosis and ornithosis in various birds 
and at times produce human infection, while others, for example those of trachoma, 
inclusion conjunctivitis and lymphogranuloma venereum (L.G.V.) as well as some 
human pneumonitis strains, appear to be natural parasites of man only. In 
addition organisms of the same group, but not known to be pathogenic for man, 
have been isolated from various mammals: such are the causal agents of cat 
pneumonitis (Baker, 1942), of mouse pneumonitis (Nigg, 1942) and of enzootic 
abortion in ewes (Stamp, McEwen, Watt and Nisbet, 1950), and similar viruses 
recovered from opossums (Roca-Garcia, 1949) and from the faeces of apparently 
healthy calves (York and Baker, 1951). 

Most viruses belonging to this group can be cultivated in embryonated eggs 
and in mice and other laboratory animals. Distinguishing features of different 
species can be demonstrated on the basis of effective routes of inoculation, par- 
ticularly in mice, the susceptibility of different experimental animals and the 
sensitivity or resistance of the agent to sulphonamides. 

By such means distinct differences between the viruses of psittacosis and 
L.G.V. may be defined, and where isolation of the virus is used in the diagnosis 
of human infections, the history and nature of the patient’s illness will usually 
indicate the type of infection. These considerations are of special importance in 
the case of complement-fixation tests on patients’ sera and skin (Frei) reactions, 
since the boiled or phenolized virus suspensions ordinarily used for these tests 
react by virtue of a heat-stable antigenic component common to all the Castaneda- 
positive viruses which it has been possible to examine in this way. This property 
is of value in defining the broad relationship of new members of the group 
(Barwell and Bishop, 1951) and group-reactive antigens have been used exten- 
sively in diagnosis, because unheated and untreated virus preparations react 
more feebly, fail to give exclusively specific results, are irregular and unstable in 
their behaviour and are unsafe to handle. A method whereby specific serological 
differences between these several agents could be readily demonstrated in vitro 
would be of value in studying their relationships more closely, and might also be 
applied to sera from patients with such infections of uncertain origin. 

Serological cross-reactions between these viruses have been widely recognized 
and various attempts have been made to obtain sharply specific results. The 
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presence of distinct heat-stable and heat-labile antigenic components was first 
demonstrated in psittacosis virus by Bedson (1936), who showed that hyper- 
immune guinea-pig serum could be absorbed with boiled virus after which it 
would fix complement only in the presence of unheated antigen ; on the other 
hand, antibodies to both heated and unheated suspensions were removed by 
absorption with unheated virus. Later, tests of this sort were done with human 
sera from cases of psittacosis and L.G.V., and the specific character of the heat- 
labile component in contrast with the group reactive heat-stable antigen was 
demonstrated (Bedson, Barwell, King and Bishop, 1949). Recent work with 
these two viruses and with that of enzootic abortion in ewes provided further 
evidence in this direction, and indicated the very irregular activity of the specific 
antigen present in unheated suspensions (Monsur and Barwell, 1951). 

Rake and Jones (1944) and Hamre and Rake (1944) observed that freshly 
prepared yolk-sac suspensions of the viruses of L.G.V. meningopneumonitis, 
mouse pneumonitis and feline pneumonitis produced, after intravenous inoculation 
in mice, a rapidly fatal toxaemia quite distinct from the illness which appeared 
later in the case of those viruses capable of causing overt infection by that route. 
These toxins were associated with the infectious particles and were extremely 
labile ; neutralization was obtained only with homologous antisera and these 
were prepared in rabbits and in chickens. Chicken sera were also used by Manire 
and Meyer (1950) in further studies of these toxins ; they were unable to demon- 
strate toxic effects with mouse pneumonitis and L.G.V. viruses, but obtained 
specific toxin neutralization with the Louisiana strain of human pneumonitis 
and with feline pneumonitis. Using seven different antisera they found that 
- twenty-five other virus strains, isolated mainly from man and birds, cross-reacted 
more or less completely within three groups, although meningopneumonitis virus 
occupied an intermediate position. 

Convalescent human sera and those from immunized guinea-pigs have poor 
neutralizing capacity for this group of viruses (Bedson, 1933), and the effective- 
ness and specificity of avian sera in neutralizing such infections has been inves- 
tigated. Hilleman (1945) and St. John and Gordon (1947) showed that sera 
made in the fowl were specific against infections in the mouse with the viruses 
of L.G.V., meningopneumonitis, mouse pneumonitis and feline pneumonitis. 
Unfortunately hyperimmune sera from these birds will not give direct fixation 
of guinea-pig complement but, by means of a carefully adjusted indirect or 
interference technique, chicken antibody can be shown to react in vitro with 
suspensions of viruses belonging to the group (Karrer, Meyer and Eddie, 1950 ; 
Hilleman, Haig and Helmold, 1951). The specificity of this reaction has not 
been fully studied and the virus preparations used by these workers as antigens 
were treated by heat or phenol, which have a deleterious effect on the specific 
antigenic component. However, reference is made in the paper by Hilleman 
and his colleagues to unpublished observations which suggest that the indirect 
test using fowl sera is of no more value than the orthodox complement-fixation 
technique in distinguishing different species of these viruses. Whether, in these 
experiments, special attention was paid to the preparation of suspensions with 
specific reactivity is not stated. 

Other methods by which some degree of specificity can be obtained are those 
of active cross-immunization (Beck, Eaton and O’Donnell, 1944) and of inter- 
ference tests (Golub and Wagner, 1948). 
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Direct agglutination of purified and concentrated virus has been obtained 
with guinea-pig sera and psittacosis virus (Bedson, 1932; Lazarus and Meyer, 
1939), with pigeon sera and ornithosis virus (Labzoffsky, 1946), and with 
hyper-immune chicken sera and the viruses of L.G.V. (Rake, McKee and Shaffer, 
1940), and of mouse pneumonitis (Hilleman, 1945). Although in the experiments 
with ornithosis virus there was some evidence that heterologous sera failed to 
produce agglutination the use of such sera was limited, and further experiments 
are required before it can be established that this method is one in which cross- 
reactions play little or no part. 


The studies reported here and in the second part of this paper were done in 


order to investigate further the specific activity of psittacosis and L.G.V. viruses 
in complement-fixation and skin tests, to learn more of the nature of the antigenic 
components involved in these reactions and, if possible, to establish a means of 
preparing or testing virus material so that cross-reactions due to the group antigen 
are largely or entirely eliminated. Some of the published observations to which 
reference has been made above appeared after work on the problem had been 
started in this laboratory. 


METHODS. 


Virus strains.—Psittacosis virus, strain MOH 154, isolated from a parrot in 
1938 by Professor 8S. P. Bedson and the J. H. strain of L.G.V. virus were used. 

Virus cultivation.—Both viruses were passed serially in embryonated eggs 
by the yolk-sac route. After inoculation 4- to 6-day eggs were incubated at 
35° and candled regularly ; those dying earlier than would result from virus 
infection were discarded and the remainder harvested as soon as they were found 
to be dead or moribund. The yolk-sacs were collected into 2 ml. per sac of 
0:02 m phosphate buffer at pH 7-6. Smears were stained by Castaneda’s method 
for the presence and rough assessment of the quantity of virus, and cultural 
tests for sterility were always made. 

Psittacosis virus was also maintained by intraperitoneal passage in albino 
mice. Good virus yields were only obtained from animals dying acutely (within 
2 to 4 days), and from them spleens were harvested into 5 ml. quantities of the 
same dilute buffer solution. Stained imprint preparations and cultures were 
examined in every case. 

Immunization of animals.—Animals were immunized by repeated inoculation 
of yolk-sac virus suspension in a crude or partially purified state. Fully grown 
guinea-pigs were given intraperitoneal inoculations at approximately weekly 
intervals for 8-12 weeks, and were injected further and sometimes at shorter 
intervals if a sample bleeding 7-10 days after the last inoculation proved unsatis- 
factory. Boiled partially purified virus was used in some of these animals. 
Rabbits were inoculated intravenously and pigeons and chickens intramuscularly. 

Preparation of antigens.—Partially purified suspensions of the two viruses 
were prepared by differential centrifugation of yolk-sac material as previously 
described (Bedson et al., 1949). Crude tissue suspensions from the mouse were 
treated in the same way. Uninfected yolk-sacs of appropriate age and spleens 
from normal mice were used to prepare control antigens. Heated virus and 
control suspensions were placed in a boiling water-bath for 20 min. 

Complement-fixation technique.—Sera were inactivated at 56° and, after pre- 
liminary titration against a standard heated antigen, were used in serial or single 
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dilutions for testing various virus preparations and fractions ; a unit volume of 
0-1 ml. of diluted serum was used for each tube. The same volume of 2 M.H.D. 
guinea-pig complement from a batch of pooled serum stored in dry ice was added 
and followed by: 0-1 ml. of antigen in.a suitable dilution. The usual controls 
were included and to all tubes 0-5 ml. of saline was added. The racks were then 
left at room temperature for 30 min., after which they were placed in the 37° 
water-bath for 30 min. After adding to each tube 0-2 ml. of a 5 per cent suspen- 
sion of sheep red cells sensitized with 5 M.H.D. of amboceptor, the racks were 
returned to the water-bath for 30 min. A first reading was made immediately 
after this, and a second reading after leaving the tubes overnight at room tem- 
perature. Complete fixation was recorded as +--+-+-+, and partial fixation by 
a smaller number of + signs according to the amount of haemolysis. In the 
results given in the tables the second of the two readings for each tube is shown : 
the differences between them were small. 


RESULTS. 
Experiments with guinea-pig sera. 

Antibody production in guinea-pigs.—It had already been shown that pro- 
longed courses of immunization are necessary in order to produce in guinea-pigs 
high titre antisera against psittacosis virus (Bedson, 1933), and in these experi- 
ments it was often found that more than one course of injections was required 
before suitable sera were obtained. Unheated psittacosis and L.G.V. viruses . 
were used in the production of sera designated ‘‘ complete ”’ ; serum titres against 
the latter virus were almost invariably lower than those from guinea-pigs receiving 
psittacosis virus. Another type of serum, designated “ group,”’ was prepared 
by inoculations with psittacosis virus which had been boiled, deposited by angle 
centrifugation and re-suspended in fresh saline. 

Antigens used in tests with guinea-pig sera.—All the guinea-pigs had received 
virus prepared from yolk-sacs and the sera contained large amounts of yolk-sac 
antibody. The possibility of eliminating reactions due to this antibody was 
investigated since highly active complement-fixing suspensions of both viruses 
can be readily prepared from infécted yolk-sacs. It was not, however, possible 
by more prolonged differential centrifugation to obtain sufficiently potent antigens 
free from yolk-sac material. This was shown by testing these products against 
virus antisera and against guinea-pig sera containing antibody only to yolk-sac. 
The removal of yolk-sac antibody by absorption with unheated or heated yolk-sac 
suspension or with minced chick embryo was either only partially successful or 
yielded anti-complementary sera. 

In the case of psittacosis virus an obvious alternative was infected mouse 
spleen, and partially purified suspensions from this source were used extensively. 
On the other hand L.G.V. virus infects mice readily only by the intracerebral 
route and, apart from the relatively low virus yields, mouse brain antigens are 
often markedly anti-complementary. The intranasal route was tested since 
pulmonary consolidation has been obtained with L.G.V. virus by serial intranasal 
passage after initial inoculation with highly infectious yolk-sac material (Shaffer, 
Rake and McKee, 1940), although gross involvement of the lungs was not regularly 
produced nor were the virus titres high. Similar attempts in this laboratory 
failed to give satisfactory results: thus in a given series of transfers a small 
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proportion of animals might become ill or die with pulmonary consolidation and 
a moderate yield of virus but succeeding mice showed little or no evidence of 
infection. Those few mouse lungs which appeared suitable for the production 
of antigen gave suspensions which were somewhat anti-complementary. 
Complement fixation with guinea-pig sera.—Unheated and boiled partially 
purified suspensions of psittacosis virus from mouse spleen were compared in 
complement-fixation tests using appropriate serial dilutions of the ‘“‘ complete ” 
and ‘‘ group” sera. Both types of serum contained group antibody, and heated 
antigens gave excellent fixation with them and were used, generally at a dilution - 
of 1 in 4 per unit volume, to titrate any new sample of serum. Different pre- 
parations of unheated virus gave variable reactions which were, with few excep- 
tions, weaker than those of the boiled virus ; a dilution of 1 in 2 per unit volume 
was usually required. Many of these living virus suspensions reacted, even at 


TaBLE I.—Complement-Fixation Test with “‘ Complete” and ‘‘ Group ”’ Psittacosis 
Antisera from the Guinea-pig. Types of Reaction given by Different Batches 
of Unheated Homologous Virus and the Effect of Boiling these Suspensions. 


Psittacosis suspensions (mouse spleen). 


eae Prepared against- Dilution. 13/16. i. Mb7/68. 
: Unheated. Heated. Unheated. 


1/2. 1/4. 1/2. 
i! Soe - +++ 
Unheated psittacosis /32 Say 4 


1 
virus (yolk-sac) 1/138 ‘ahi $i 


(1/256 


44+ 
444+ 
+4+4++ 
$44 
+444 
bbs 
++++ } 
+4+4++ ! 


+ 
a. 
+ 


(1/16 


+++ 
+44 
tor 
+++ 


psittacosis virus 
(yolk sac) 


1/64 
1/128 
1/256 


Negative results with controls of sera and antigens and with normal serum and normal tissue 
antigen have been omitted from this and subsequent tables. 


GP3 Boiled and re-suspended i /32 


| H+++ 
++ 
++ 
++ 


this concentration, partially and to a more or less equal] extent with both the 
“complete” and “ group” sera. Nevertheless the presence of group antigen in 
full amount could be shown by boiling a small quantity before testing it at a 
higher dilution. This type of reaction is illustrated in Table I (column 1) and, in 
conjunction with the effect of heat (column 2), is taken to indicate that some factor, 
possibly the specific component in an inert state, interferes with the heat-stable 
group antigen. 

In some instances freshly prepared living suspensions reacted as shown in 
column 3 of Table I: here a full degree of fixation with the ‘‘ complete ”’ serum 
and very little reaction with the ‘“‘ group” serum were obtained. This effect 
can be explained by the activity of the heat-labile antigen, which has reacted 
with specific antibody in the ‘‘ complete” serum but has masked the group 
antigen so that little fixation has occurred in the presence of the serum containing 
antibody only to this component. The effect of heat was the same as that on 
inactive suspensions of living virus and is shown in the last column of the same 
table. 
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A full degree of complement fixation with the ‘‘ complete ” serum and unheated 
virus was never due exclusively to the activity of the heat-labile antigen, as 
shown by the fact that some slight reaction invariably occurred as well in the 
presence of the “ group” serum. However, this pattern of reaction was used in 
the selection, for further tests, of virus suspensions having specific activity. 
It must be emphasized that only a proportion of freshly made suspensions reacted 
in this manner, and that reducing to the minimum the delay between harvesting 
infected tissue and testing the antigen made from it did not provide a means of 
obtaining consistently satisfactory results. On storage at 4°, suspensions which 
initially contained active specific antigen became progressively inactive in a 
short time, usually within 4-10 days. 


TaBLE II.—Complement Fixation with “Complete” Psittacosis Antiserum, Un- 
absorbed and Absorbed with Heated Virus, and with “Group” Antiserum. 
The Behaviour of Different Batches of Unheated Homologous Virus and of 
Heated Virus. 

Psittacosis suspensions (mouse spleen). 

Guinea- Prepared Absorbed Dilution Unheated. Boiled 
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Absorption of group antibody.—By absorbing a sample of ‘“‘ complete ”’ psitta- 
cosis serum with boiled washed virus it was possible to remove the group antibody 
and to demonstrate residual activity only in the presence of suitable unheated 
suspensions of psittacosis virus. An experiment of this sort is illustrated in 
Table II. Unheated antigen M163, which gave the specific reactive pattern 
with the two unabsorbed sera, still fixed complement with the absorbed ‘“ com- 
plete ”’ serum although the titre was somewhat reduced. The other virus sus- 
pension, P795, gave in the unheated state partial but almost equal fixation with 
both unabsorbed sera: that this is due to partial activity of the group antigen is 
shown by the fact that the “ complete’ serum which has been absorbed no longer 
reacted with it or with a boiled fraction of the same material. 

The failure to obtain satisfactory complement-fixing antigens of L.G.V. virus 
from a source other than embryonated eggs made it impossible to do reciprocal 
cross-absorption experiments with the hyperimmune guinea-pig sera. The L.G.V. 
antisera, though of relatively low titre, reacted fully with heated psittacosis 
virus from mouse spleen. As would be expected, they gave variable degrees of 
partial reaction with different unheated suspensions of this virus. 





264 C. F. BARWELL 


Antisera made in rabbits. 


A small number of sera was prepared in rabbits by repeated intravenous 
injections of partially purified yolk-sac suspensions of psittacosis and L.G.V. 
viruses. They were used with psittacosis mouse spleen antigens in tests similar 
to those described above. There was no evidence that the virus antibodies were 
more readily produced than in guinea-pigs and, although the rabbit sera were 
rarely anti-complementary, most of them were found to fix complement in the 
presence of the control suspension of normal mouse spleen. 


Antisera from birds. 


Attempts to demonstrate antibodies in hyperimmune chickens.—Reports that 
antisera prepared in chickens specifically neutralized the toxins of some of the 
Castaneda-positive viruses (Rake and Jones, 1944) and protected against experi- 
mental infections with these agents (Hilleman, 1945) suggested that avian sera 
might be useful in in vitro studies of their relationships. Although there was at 
the time uncertainty as to how fowl sera would behave in tests for the fixation 
of guinea-pig complement, some degree of fixation by this method had been 
obtained with a few blood samples from a flock naturally infected with ornithosis 
(Meyer and Eddie, 1942). In this laboratory Rhode Island Red chickens were 
immunized by repeated intramuscular inoculations with boiled or unheated 
yolk-sac suspensions of psittacosis virus. In order to reduce the possibility of 
severe or fatal infection the first two or three doses of unheated virus were treated 
with 0-5 per cent formalin. It was soon found that sera from these birds failed 
to fix guinea-pig complement in the presence of suitable antigens. A few tests 
were done using haemolytic antiserum prepared in the fowl and fresh serum from 
normal birds as a source of complement, but the titres obtained with the latter 
were so Jow as to make this method impracticable. 


Antisera from pigeons. 

Pigeons naturally infected with ornithosis have been found to give positive 
reactions in tests using guinea-pig complement (Meyer, Eddie and Yanamura, 
1942). The antibodies in such sera have not been studied fully, and anomalous 
reactions have been reported after tests with heated or other group-reactive 
preparations. Using such antigens made from psittacosis and L.G.V. viruses, 
Davis (1950) found that 5/12 pigeon sera fixed complement only with psittacosis 
virus, although the remainder reacted with both and 4 of them to an equal degree. 
Eddie and Francis (1942) reported that pigeon sera which gave fixation with 
meningopneumonitis virus failed to react with the L.G.V. antigen ‘“‘ Lygranum ” 
(Squibb). 

A particular difficulty arose from the fact, which has already been observed 
in this country (Andrewes and Mills, 1943), that a high proportion of apparently 
healthy pigeons showed evidence of latent infection with ornithosis virus. Sera 
from 5/6 birds purchased from a London dealer had high or moderate titres of 
antibody against heated psittacosis antigen and 4/7 samples of serum from a 
large flight in Wiltshire gave similar results. In view of this it was decided to 
immunize with L.G.V. virus the one bird of the group already purchased which 
had no detectable antibody ; the three with the highest antibody titres were killed 
and pooled serum from them was used in some tests. The remaining two pigeons 
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were immunized with psittacosis virus, although before inoculation group anti- 
body, presumably the result of latent ornithosis, had been detected. Repeated 
intramuscular injections of unheated yolk-sac suspensions of virus were given 
and blood samples were collected from the wing veins. 

All the pigeon sera gave satisfactory fixation of guinea-pig complement in 
the presence of suitable yolk-sac suspensions of virus, and antibody to normal 
fowl yolk-sac was never detected. Serum samples were titrated against boiled 
suspensions of psittacosis or L.G.V. virus, and comparable serial dilutions were 
used in further tests against the unheated viruses. Variable degrees of comple- 
ment fixation were found to occur in the presence of fresh virus suspensions 
and the heterologous pigeon antisera, but such cross-reactions were usually less 
marked between the psittacosis sera and L.G.V. virus as compared with those 
which occurred with the L.G.V. serum and psittacosis virus. Although some 


TaBLe III.—Complement-Fixation Test with Sera from Pigeons Immunized with 
Psittacosis or L.G.V. Virus. Reactions given by Heated and Unheated Virus 
Antigens and the a of Absorbing the Sera with Heated Virus. 


Boiled yolk-sac Unheated yolk-sac 
antigens antigens. 
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serum, against with- Dilution. “Pgittacosis L.G.V. Psittacosis L.G.V. 
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batches of fresh suspension rich in virus failed to react well even with homologous 
serum, this occurred less frequently than in the experiments described above with 
mouse spleen virus suspensions and hyperimmune guinea-pig sera. 

Absorption of pigeon sera.—Absorption of these sera with boiled and washed 
psittacosis virus removed the antibody reacting with heated suspensions of either 
virus and with unheated suspensions of heterologous virus ; little or no reduction 
of fixing power with the unheated homologous virus occurred. These results 
are illustrated by the experiment shown in Table III, where single dilutions of 
each serum, absorbed or unabsorbed, were used. The L.G.V. antiserum had 
a lower titre than any from the birds immunized with psittacosis virus. Anti- 
bodies to both the group and specific components were thus demonstrable, although 
monospecific reactions were only obtained after absorption. The use of pigeons 
in experiments of this sort offers the advantage that virus grown in the yolk-sac 
can be used both for hyperimmunization and for the preparation of antigens. 
However, this is largely offset by the fact that ornithosis infection is widely 
disseminated in these birds. 
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Human sera. 


Sera from patients recovering from psittacosis or from those with L.G.V. in 
the secondary or tertiary stages contain group antibody, often to a high titre, 
and can also be used after absorption to demonstrate specific complement fixation 
with the unheated homologous virus (Bedson et al., 1949; Monsur and Barwell, 
1951). In experiments to be described in a separate paper unabsorbed and 
absorbed human sera, as well as those from pigeons, were used to determine 
whether a particular reagent or method of treatment had any effect on one or 
other antigenic component. The use of guinea-pig sera, all of which contained 
yolk-sac antibodies, was restricted in similar experiments to tests with psittacosis 
virus antigens made from mouse spleen. 


DISCUSSION. 


The results show that antisera from guinea-pigs, rabbits and pigeons hyper- 
immunized with L.G.V. and psittacosis viruses and from human patients all 
contain an antibody, readily demonstrable by complement fixation, to the heat- 
stable group antigen. In addition all the sera, except those from animals 
inoculated with boiled virus, could be shown to contain an antibody which reacted 
only with suitable unheated preparations of the homologous virus. Sera from 
immunized chickens did not react in systems using guinea-pig complement, and 
the indirect complement-fixation technique for demonstrating fowl antibodies 
was not used in these experiments. Pigeon antisera gave cross-reactions as 
much as those of mammalian origin but, unlike those from other animals 
immunized with virus suspensions from yolk-sac, they could be used in tests 
with antigens from the same source. 

Unheated virus suspensions were weaker antigens than those which had been 
boiled, and considerable variation in activity was found between different batches 
of the same virus. Those which reacted specifically showed complete fixation 
with the homologous serum and only partial fixation with heterologous or ‘“ group” 
sera. Such suspensions deteriorated on storage. Similar fresh suspensions were 
often found to give equal but only partial reactions with any antiserum containing 
group antibody whether or not specific antibody was also present. The fact 
that unheated virus invariably reacted poorly with the group antibody suggests 
that the group antigen is largely, though never entirely, blocked. This effect 
might be ascribed to the specific antigen itself, which could be supposed to occupy 
a position at the surface of the virus particle, and whether in a reactive or inactive 
state, to interfere with much of the group component. It is also possible that 
some inert material derived from the tissue may play a part in the variable 
activity of unheated virus. 

Virus preparations which had been heated to 100° or higher temperatures 
always behaved as active group antigens. The boiled washed virus also elicited 
the production in the guinea-pig of group antibody only and was capable of 
absorbing selectively this antibody from antisera to the two viruses. 


SUMMARY. 


Complement-fixing antisera against the viruses of psittacosis and L.G.V. 
were prepared in guinea-pigs, rabbits and pigeons by repeated injections with 
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yolk-sac suspensions of living virus. Sera containing group antibody only were 
obtained from some guinea-pigs by inoculating boiled washed psittacosis virus. 

Guinea-pig sera to whole and to boiled psittacosis virus were used to study 
the complement-fixing activity of fresh mouse spleen suspensions of this virus. 
These preparations reacted feebly even in high concentration with sera containing 
only group antibody. Different batches gave variable results with sera against 
unheated virus; some fixed complement partially and no more strongly than 
with the group serum, but with other suspensions complete fixation was obtained. 
This activity deteriorated rapidly. Any of the unheated suspensions could be 
converted to potent antigens with group reactivity by boiling. 

Absorption of guinea-pig sera with boiled washed virus was used to demon- 
strate further that a heat-labile component was responsible for most of the 
complement fixation obtained with active unheated virus. 

Hyperimmune pigeon sera did not contain antibodies to normal yolk-sac 
and with them egg-grown virus was used for complement fixation. Full reactivity 
with boiled suspensions of either virus and variable degrees of cross-reaction 
with heterologous unheated virus were obtained. The specific character of the 
heat-labile component of each virus was demonstrated with pigeon sera from 
which the group antibody had been absorbed. 
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In a previous paper (Barwell, 1952) it was shown that fresh unheated suspen- 
sions of psittacosis and lymphogranuloma venereum (L.G.V.) viruses often 
reacted weakly in complement-fixation tests using sera from immunized guinea- 
pigs, rabbits and pigeons and from human patients. Those unheated preparations 
which reacted strongly with the homologous serum showed slight degrees of partial 
fixation with heterologous sera or with sera made against the boiled washed virus. 
This type of reactivity and its irregular occurrence in different unheated suspen- 
sions of the same virus were in contrast with the regularly potent group activity 
of boiled virus. That the serological behaviour of active unheated suspensions is 
almost entirely due to the heat-labile specific antigen was confirmed by the 
monospecific results obtained after absorbing sera with the heat-stable group 
antigen. 

While a variety of techniques has been employed in attempts to obtain sharply 
specific effects with antisera and viruses of this group, the treatment of the virus 
materials used as antigens for in vitro tests has received relatively little attention. 
Where different reagents have been used in the preparation of complement-fixing 
antigens the products have been found to possess enhanced group reactivity. 
Thus Nigg and her associates (Nigg, 1942; Nigg, Hilleman and Bowser, 1946 ; 
Bowser and Nigg, 1946; Hilleman and Nigg, 1946) investigated various means 
for the inactivation of L.G.V. virus as alternatives to formalin which made 
suspensions anti-complementary. They showed that urea, ether, phenol or heat 
killed the virus, and that the complement-fixing potency of such preparations 
was due to the group component. A highly purified group-reactive material 
was later obtained by fractionation with acetone and alcohol from ether extracts 
of yolk-sac suspensions of L.G.V., meningopneumonitis and mouse pneumonitis 
viruses (Hilleman and Nigg, 1948). 

In the experiments to be described suspensions of psittacosis or L.G.V. virus 
were treated by different reagents and the complement-fixing activity was com- 
pared with untreated fractions. Largely on the basis of these results further 
experiments were done in attempts to demonstrate, by means other than absorp- 
tion, the specific antigen in these viruses. 
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METHODS. 


The virus strains, the preparation of partially purified suspensions from mouse 
spleens and yolk-sacs and the technique of complement fixation are described in 
the previous paper (Barwell, 1952). Human sera and those from immunized 
guinea-pigs and pigeons were used. As the guinea-pig sera contained antibodies 
to normal yolk-sac they were used only in studies of mouse spleen suspensions 
of psittacosis virus. Two sorts of serum from these animals were employed : 
a “complete ” serum obtained after immunization with living psittacosis virus 
and a “ group ”’ serum after inoculations with the boiled washed virus. 


RESULTS. 


Effect of Different Methods of Treatment on the Antigenic Components of 
Psittacosis and L.G.V. Viruses. 


Heat.—Heating suspensions rich in these viruses at 100° for 20 min. regularly 
increased their complement-fixing potency as group antigens; the associated 
destruction of the specific antigen was further confirmed by the behaviour, already 
described, of guinea-pig antisera prepared against boiled washed psittacosis virus. 
In the preparation of antigens suitable for serological tests it was often necessary 
to re-suspend the heated material thoroughly by means of a grinding tube, 
particularly for yolk-sac suspensions which had become partially coagulated. 

No difference in complement-fixing activity was detected between a fraction 
of psittacosis virus suspension placed in a boiling water-bath for 20 min. and one 
heated in an autoclave at 135° for 30 min. Bedson (1936) by means of comple- 
ment-fixation tests on centrifuged fractions did not find any activity in the 
supernatant fluid of a boiled suspension of psittacosis virus from mouse spleen, 
although some activity could be demonstrated by intradermal tests in sensitized 
guinea-pigs. In the present studies the major part of the group factor was 
deposited in the angle centrifuge at least as readily as unheated elementary bodies; 
the supernatant fluid of boiled or autoclaved yolk-sac suspensions of virus gave 
feeble complement fixation with heterologous or homologous sera, suggesting 
that after such treatment a small amount of the group component is finely dis- 
persed or in solution. 

Phenol.—Enhanced activity of the group antigen has been observed after 
treatment of yolk-sac suspensions of L.G.V. virus with urea or phenol or by 
boiling untreated or phenolized virus (Nigg, 1942; Nigg et al., 1946; Bowser 
and Nigg, 1946). In this laboratory treatment of psittacosis virus with 0-5 to 
2-0 per cent phenol was found to yield suspensions with a full degree of group 
activity. After angle centrifugation the supernatant fluid was separated from 
the virus and could be shown to possess slight or moderate group activity. 

Ether treatment and ether extraction.—The observation that some of the group 
antigen can be extracted with ether from yolk-sac suspensions of L.G.V., meningo- 
pneumonitis and mouse pneumonitis viruses (Hilleman and Nigg, 1946, 1948) 
was confirmed in the case of similar preparations of psittacosis virus. An example 
of such an experiment is shown in Table I, which illustrates the serological activity 
of an unheated suspension compared with an ether-soluble fraction and the 
residual virus after ether treatment. For this purpose a portion of the unheated 
suspension was extracted with an equal volume of anaesthetic ether for 3 days 
at room temperature. The ether layer was then separated and shaken over a 
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volume of saline equal to that of the suspension until the ether had evaporated 
leaving a milky fluid. The residual ether was also evaporated from the treated 
virus suspension, and the products were tested by complement fixation, using 
human psittacosis and L.G.V. sera. The material extracted was found to possess 
considerable activity in the presence of both sera as compared with the poor 
fixing ability of the untreated suspension even at four times the concentration. 
There was very little activity in the residual virus after extraction with ether. 

In the preparation of group-active antigens the ether can be removed by 
evaporation without first separating the ether layer, but treatment with ether 
was not used except experimentally, since equally satisfactory suspensions were 
obtained by the simpler method of boiling. 


TaBLE I.—The Effect of Ether Extraction on an Unheated Yolk-sac Suspension 
of Psittaccsis Virus. 


Unheated psittacosis virus ST/F7. 
——$__sA 


Human serum. Dilution. Untreated Ether-treated Ether 
i suspension. 


1/2. 
cee ~ — . 
(psittacosis) jes : ; FR 


ae 1/16 
/29 
(L.G.V.) 1/33 


1/64 
1/64 


Treatment with dilute acid.—It was found that treatment of unheated yolk-sac 
suspensions of psittacosis and L.G.V. viruses with 0-02 N HCl acid for 20 min. 
at 37° had the effect of enhancing the group antigen as shown by the serological 
activity of the virus particles which, after treatment, were centrifuged in the 
cold and re-suspended to the original volume in neutral saline.: Acid-treated 
virus was less easily re-dispersed than suspensions which had been heated, and 
this was thought to account for the fact that this method did not invariably 
provide such active group antigens as the boiled preparations. It was also noted 
that, while the boiled virus was not stained by Castaneda’s method, acid treatment 
did not interfere with staining; in this laboratory cold N HCl is in fact used 
routinely for fixing yolk-sac smears of viruses of the psittacosis-L.G.V. group. 

Enzyme treatment.—Little work has been done on the treatment of these 
viruses with enzymes. Lazarus and Meyer (1939) used trypsin as a means of 
obtaining purified suspensions of psittacosis virus and found that the infectivity 
was not impaired. Electron microscope studies of psittacosis virus before and 
after treatment with acid and pepsin failed to show any morphological change in 
the virus particles (Barwell, Dawson and McFarlane, 1950). 

Unheated mouse spleen suspensions of psittacosis virus were treated, in 
different experiments, with varying strengths of crude trypsin at pH 8-0 and with 
a preparation of crystalline trypsin in a final concentration of 0-1 mg./ml. at 
pH 7-6 for 1 hr. at 37°. The virus was separated by centrifugation in the cold 
and re-suspended in the appropriate volume of saline. Neither the heat-stable 
nor the heat-labile components were affected by trypsin treatment, as shown by 
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the fact that treated suspensions were never found, in complement-fixation tests, 
to react differently from the control material. 

Tests were also done with papain although only a very crude preparation was 
available. An extract containing papain was prepared by suspending 1 g. 
papain powder (B.D.H.) in 100 ml. saline. After leaving the suspension over- 
night in the refrigerator, a clear yellow solution was obtained by filtration through 
paper and this was neutralized to pH 7-2 with 0-1 N NaOH. In experiments 
with unheated and heated psittacosis virus from mouse spleen, a 1/10 volume of 
the enzyme solution was added to the suspension and activated by 0-01 mM sodium. 
thioglycollate. The reaction was allowed to proceed for varying periods at 37° 
and was stopped by the addition of 0-001 mM sodium iodoacetate. The virus was 
centrifuged and re-suspended to volume in saline. Control tubes received sodium 
iodoacetate before the other reagents, and the activity or inactivation of the 
enzyme was checked by testing samples for the ability to clot milk. 


TaBLeE III.—Complement Fixation and Skin Reactions with a Boiled Yolk-sac 
Suspension of L.G.V. Virus of which One Fraction was Treated with 0-005 M 
Potassium Periodate. 


Boiled suspension L.G.V. 65. Normal 
yolk-sac 
suspension 
1/4. 


Whatetecciai te EI Tete ee 
Serum. Dilution. Untreated. Treated with periodate. 
| nes | a em, 
1/4. /8. V/A. 
5. + +- Ke cee 
+ mI + at4 
+ . ato a 
a . + oa 
Skin test patient : 
T26370 , ; ‘ ; 12mm,* . i 4 . 15mm. - Omm. 
T31854 : ‘ ‘ ‘Soon Seer : : ; | ee aS 


* Diameter of indurated lesion measured two days after intradermal inoculation. 


With a boiled or autoclaved virus suspension, no loss of serological activity 
was detected after treatment for 2 hr. at 37°. The supernatant fluid of a 
sample volume withdrawn at 1/2 hr. was inactive, but some partial fixation of 
complement was shown by such fractions after incubation for 14 and 2 hr. 
Unheated psittacosis virus suspensions were altered by similar treatment, so that 
after 4 hr. they became fully group-reactive. The supernatant fluids gave no 
reaction. Examples of these results are presented in Table IT. 

Periodate.—The destructive effect on the group component of high dilutions 
of KIO, was reported in a preliminary note (Barwell, 1948), and experiments 
with this reagent are described here in greater detail. 

A stock solution of 0-02 m KIO, was added in varying quantities to measured 
amounts of boiled or autoclaved virus suspensions. After incubation at 37° 
for 10 to 30 min. the periodate was inactivated by the addition of an excess of 
glucose, and the products were tested by complement fixation and, in a few 
experiments, by skin reactions in Frei-positive patients. 

In an experiment of this sort the effect on a boiled psittacosis mouse spleen 
suspension of periodate at three different concentrations was examined. Equal 
volumes of the suspension were diluted to the known complement-fixing titre 
of 1 in 4 by the addition of saline buffered to pH 7-6 and of KIO, so as to give 
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final concentrations of 0-001, 0:0005 and 0-0002 m. After 10 minutes at 37°, each 
tube, which contained a volume of 1-0 ml., received 0-05 ml. of 5 per cent glucose 
in saline. A control tube without periodate was included. It was found that 
the serological reactivity had been entirely destroyed by 0-001 m periodate, while 
twice this dilution produced only a slight reduction. The minimum amount of 
periodate required for full inactivation of the group antigen may in fact be less 
than that estimated, since it is possible that tissue components present in partially 
purified suspensions also combine with the reagent. 

Similar results were obtained in experiments with boiled or autoclaved yolk-sac 
suspensions of psittacosis and L.G.V. viruses. A volume of boiled L.G.V. virus 
was treated for 30 min. at 37° with 0-005 m KIO,, and was found to be serologically 
inactive when compared with an untreated fraction in a complement-fixation 
test using human serum and dilutions of the antigens at the titre of 1 in 4 and at 
1 in 8. In this experiment intradermal tests were also done in two positive 
reactors using 0-1 ml. of 1 in 8 dilutions of both the untreated and treated virus 
suspension. The results are shown in Table III, and show that destruction of 
the complement-fixing activity of the heat-stable antigen by periodate was not 
accompanied by any gross loss of skin reactivity. 


Attempts, by Means other than Absorption, to Demonstrate Specific Antigenic 
Activity. 

It has been shown (Barwell, 1952) that exclusively specific reactions of fresh 
unheated virus can be demonstrated by complement fixation in the presence . 
of immune sera from which the group antibody has been absorbed. This method 
has disadvantages, and depends on the presence of the specific antigen in a fully 
active state, a property possessed by only a proportion of fresh suspensions rich 
in virus. 

The possibility of demonstrating, in vitro, specific reactions with unabsorbed 
sera might be realized (i) by the use of a reagent which eliminates only the group 
reactivity, (ii) by treating virus suspensions with some reagent which would 
preserve and enhance specific activity, or (iii) by separation of the virus com- 
ponents with the production of a specific fraction. These possibilities were 
investigated particularly with reference to some of the effects of treatment with 
different reagents already described above. 

Specific activity of unheated virus treated by periodate—Potassium periodate 
was used in the treatment of unheated virus because of its rapidly destructive 
effect on the serological activity of the group antigen. In one such experiment 
an unheated suspension of psittacosis virus from mouse spleen was divided into 
two fractions, one of which was treated with 0-002 m periodate for 30 min. at 37°. 
The two suspensions were then tested against the “ complete” and “ group ” 
guinea-pig sera with the results shown in Table IV. In order to demonstrate 
a full degree of fixation with the serum containing specific antibody, it was 
necessary to use the treated suspension undiluted instead of at 1 in 2 per unit 
volume. Even with this concentration the “ group” serum failed to react. 
The effect of boiling the periodate-treated virus was to reduce considerably its 
fixing power with the “complete” serum and to produce a small degree of 
activity with the “group” serum: This confirms further the destructive effect 
of heat on the specific antigen, and shows that some of the group antigen in elemen- 
tary body suspensions is, as was found by skin tests, unaffected by periodate. 
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TaBLE IV.—The Effect of Potassium Periodate on Unheated Psittacosis Virus 
and the Behaviour of a Fraction Subsequently Heated to 100°. 
Psittacosis suspension 116P. (mouse spleen). 


—_—_—_— —_—__——_— 
Untreated. Periodate-treated. 
Pies or caconasrar iene 
“Unheated. Boiled. 
1/1. 1/1. 


Unheated 1/64. - $44 ++ 

. psittacosis virus 1/128. - : ++++4+ Br ae 
= se 

a 


Guinea-pig Prepared 


aotenn. against Dilution. 


(yolk-sac) 1/256 . 3 ++ 


GP3C_ . pended psittacosis 
virus (yolk-sac) 


. ‘ io 
1/64 ; mn 


Boiled and re-sus- {1 See : — 

This reagent was also used to treat unheated yolk-sac suspensions of psitta- 
cosis and L.G.V. viruses. It was again found that, although the treated material 
gave feeble reactions except when used undiluted, L.G.V. virus reacted in a 
uniformly specific manner with pigeon and human sera. Psittacosis virus gave 
reactions which were of this character or which still showed some, though 
diminished cross-reactivity. In some instances treated yolk-sac suspensions of 
psittacosis virus failed to give satisfactory results, and this was probably due to a 
lack of active specific antigen in the particular batch of virus. 

Attempted preservation of the specific component.—The very irregular serological 
activity of the specific antigen and its rapid deterioration in suspensions stored in 
the refrigerator suggested a search for some method of treatment which might 
have a preservative and perhaps enhancing effect on this component. The effect 
of formalin in this connection has not been investigated, although a diagnostic 
complement-fixing antigen has been prepared from yolk-sacs infected with 
psittacosis virus using prolonged formalin treatment followed by extraction 
with ether (Smadel, Wertman and Reagan, 1943). Nigg (1942) noted that 
formalin treatment of L.G.V. virus in crude yolk-sac suspensions made them 
markedly anti-complementary and for this reason investigated alternative 
methods of inactivating the virus ; all of these had the effect of enhancing the 
activity of the group antigen. 

In this laboratory different virus preparations were treated with 0-5 to 2-0 
per cent formalin for varying periods. In some cases psittacosis or L.G.V. virus 
suspensions showed, when tested within a few days of treatment, specific comple- 
ment-fixing activity equal to but never better than the control untreated virus. 
Often such suspensions, whether from mouse spleen or yolk-sac, were intensely 
anti-complementary when first tested ; they invariably developed this property 
when kept for further study. This effect could not be removed by washing the 
virus in saline, nor could it be prevented by removal of excess formalin in the 
supernatant fluid obtained after centrifuging the suspension as soon as the period 
of treatment had ended. 

Neutralization of formalin by excess ammonium hydroxide followed by 
adjustment of the pH with sulphuric acid has been used in the preparation of 
stable non-infectious influenza virus antigens (Polley, Burr and Gillen, 1951). 
Similar treatment of formolized psittacosis virus successfully removed the anti- 
complementary effect but, in a limited number of tests, these products were not 
found to be more stable or more reactive than fractions untreated with formalin. 
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It was thought: possible that certain enzyme. inhibitors might have a useful 
effect in preventing or slowing the loss of specific antigenic activity. The reagents 
tested in this laboratory had already been shown to reduce in vitro the infectivity 
of psittacosis virus as shown by subsequent titration in eggs (Burney and Golub, 
1948). Inthe present experiments no definite preservation or improved specificity 
resulted from the exposure of psittacosis virus to 0-0005 mM sodium p-chloro- 
mercuribenzoate, 0-001 M mepacrine methanesulphonate or 0-001 mM proflavine 
sulphate. 

Soluble fractions containing specific antigen.—The improved activity of the 
group antigen which resulted from treatment of fresh virus suspensions with 
papain, dilute HCl or heat suggested that the process involved might be one in 
which the specific antigen was dissolved from the virus particles, thus exposing 
an increased amount of the group component. After these methods of treatment 
all, or almost all, the group antigen remained in association with the elementary 
bodies. The possibility that specific antigen might be detectable in virus-free 
fluids after acid treatment was therefore investigated ; some of the results 
obtained in these experiments have already been reported briefly (Barwell, 1949). 

After treatment with 0-02 n HCl at 37° for 20 min., unheated yolk-sac sus- 
pensions of psittacosis and L.G.V. virus were angle-centrifuged in the cold at 
4500 r.p.m. for 14 hr., and the faintly opalescent supernatant fluid removed. 
This was neutralized by the cautious addition of NaOH to pH 7-5. At about 
pH 5-0 a large precipitate began to appear and usually flocculated during the 
addition of further alkali. The tube was left in the refrigerator until flocculation 
appeared to be complete, after which the precipitate was removed by centri- 
fugation and the almost clear supernatant extract reserved for use. In order to 
equate as far as possible the quantities of material which might be present in 
these extracts of the two viruses the initial L.G.V. virus deposit, obtained during 
the preliminary purification process, was re-suspended in half the volume of saline 
used in the case of psittacosis virus. From infected yolk-sacs the yield of L.G.V. 
virus is regularly about half that of psittacosis virus. Heated suspensions of the 
viruses made in these relative quantities give parallel antigen titres in comple- 
ment-fixation tests, and a further check was made by titrating the residual 
acid-treated virus after re-suspension in the appropriate volume. 

With these extracts positive results were never obtained by complement 
fixation. In some tests more than one unit volume of undiluted fluid was used, 
and in others a long period (18 to 24 hr. in the refrigerator) was allowed for 
fixation. Other in vitro methods which gave negative results included attempts 
to agglutinate specifically erythrocytes of various animals or collodion particles 
which had been exposed to the extracts and then washed. Precipitin reactions 
also were not obtained with antisera from different sources. 

Trials of these fractions were made by intradermal tests in patients whose 
Frei and complement-fixation tests were positive, and in a small number of 
subjects in whom there had been clinical and serological evidence of infection 
with psittacosis or ornithosis virus. 

The results of these tests are shown in Table V, where the reactions to the 
standard heated and diluted antigens and to the undiluted acid extracts are 
recorded as the mean diameter of the area of infiltration 2 days after intradermal 
inoculation. Any zone of erythema extending beyond or occurring in the absence 
of a palpable lesion was disregarded. In none of the results shown in the table 
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TaBLE V.—Skin Test Reactions Measured 2 Days after Intradermal Inoculation 
of Boiled Virus and of Acid Extracts. 


Heated suspensions. Acid extracts. 


Patient. Diagnosis. A —_—s 
L.G.V. Psittacosis. L.G.V. Psittacosis. 


T33986 . L.G.V. Inguinal ¥ (6) 4 — ‘ 25 ‘ <5 
adenitis 
T34684 . L.G.V. Inguinal ; “ (5) . 17 i 0 
adenitis 
A < H7265 . L.G.V. Rectal : * 12 % 20 
stricture 
H5779 . L.G.V. proctitis : , ; 25 
T18132 . ? Latent L.G.V. ‘ , f 12 
he S.M— . Psittacosis . ‘ ‘ 0 


F.0O.M— . Psittacosis 15 yr. : . ‘ 0 


B {Fon . L.G.V. penile ulcer. , : 23 
previously 


T34738 - L.G.V. Treated case. (13) x 30 


T25730 . Early L.G.V. ‘ 37 3 ° 36 

T47432 . L.G.V. Inguinal ‘ (12) 7 . 20 
adenitis R 

H12869 . L.G.V. Inguinal ‘ 9 . : 10 
adenitis 

R. M— . Atypical pneumonia . <5 ‘ g ; ll 


E T50612 . L.G.V. Old case : 16 . —- ; 32 ‘ 
T50940 . L.G.V. Old case . 20 ‘ - . 20 . <5 


The figures represent the mean diameter in millimetres of the indurated lesion. No reaction = 
0. Not tested = —. Where tests were done on separate occasions in one patient, earlier results 
are shown in brackets. All patients gave positive complement-fixation reactions. 

All patients in any one of the five groups were injected with the same two batches of extracts. 


was there any reaction to normal yolk-sac suspension but the readings were 
vitiated by such a reaction in one other patient. 

The number of infections with psittacosis or closely related virus was very 
limited. Six patients having this form of atypical pneumonia and not available 
in London were tested, through the co-operation of local practitioners and patholo- 
gists, with acid extracts only of the two viruses ; no positive reactions occurred. 
Three other patients were tested with both heated viruses and extracts ; A.S. M—, 
six months after psittacosis, reacted to both preparations of the homologous virus 
and not to either made from L.G.V. virus. Patient F. O. M—, fifteen years after 
psittacosis, reacted only to the heated homologous suspension. R. M— was 
tested within a few weeks of recovery from this form of atypical pneumonia and 
reacted to heated psittacosis virus, but not to heated L.G.V. virus ; both extracts 
produced lesions, but that in response to the homologous material was more than 
twice the diameter of the reaction to L.G.V. virus extract. 

Of the 12 patients with a diagnosis of L.G.V., one showed no evidence clinically 
of infection but gave a positive Frei and negative serum test ; he was suspected 
of having a latent infection with this virus. All 12 developed conspicuous lesions 
in response to extracts of L.G.V. virus, and, in some cases these were two or three 
times the diameters of those produced in the same individual by the diluted 
boiled virus. A similar extract of psittacosis virus had no effect in 7 of these 
patients, produced insignificant reactions in 2 (less than 5 mm. in diameter), 
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and in the remaining 3 produced lesions which were half or less than half of those 
elicited by the homologous extract. 


DISCUSSION. 


It seems probable that heating removes from the virus particles the specific 
antigen and possibly some inert tissue component so that an increased amount 
of group antigen becomes available. Electron micrographs have shown that a 
peripheral zone of low absorbing power disappears from human pneumonitis 
virus as the result of boiling (Kurotchkin, Libby, Gagnon and Cox, 1947), but this 
effect was not seen after acid treatment of psittacosis virus (Barwell et al., 1950). 

A similar enhancement of group activity was produced by treatment with 
phenol, ether, dilute hydrochloric acid and crude papain. After exposure to heat 
or any of these reagents a small amount of group antigen was often detectable in 
the supernatant fluid after removal of the virus by centrifugation. Prolonged 
treatment with anaesthetic ether resulted in more complete disruption of the virus, 
since the major part of the group-active material was found in the ether-soluble 
fraction. Unlike papain, trypsin was not found to alter the antigenic activity 
of living psittacosis virus, and this conforms with the observation of Lazarus and 
Meyer (1939) that the infectivity of this virus is unaffected by similar treatment. 

The marked heat-stability of the group antigen suggests that it might be 
polysaccharide in nature, while the solubility in ether of this antigen from yolk-sac 
suspensions might indicate a lipid component. In this connection Hilleman and 
Nigg (1946) have suggested that the antigen might be bound with a lipid derived - 
from the yolk itself, and it was subsequently found (Hilleman and Nigg, 1948) 
that highly purified antigenic material from L.G.V. virus was inactive unless 
lecithin were added. The non-protein nature of the group antigen is further 
supported by its resistance to trypsin and papain. 

The destructive effect of high dilutions of potassium periodate on red cell 
receptors for influenza virus led Hirst (1945; 1948) to conclude that the substance 
was, at least in part, carbohydrate. It is known that this reagent attacks chemical 
linkages which are also present in other classes of compound, for example the 
amino-acids serine and threonine. Goebel, Olitsky and Saenz (1948) demon- 
strated the destruction by periodate of the biologically active protein substances 
ribonuclease and an immune globulin ; the virus of Western equine encephalo- 
myelitis was also rapidly inactivated. These workers were using considerably 
higher concentrations of periodate than were employed by Hirst or in the present 
experiments, and it may be reasonable to regard the effect on psittacosis and 
L.G.V. viruses as supporting the other evidence in favour of the carbohydrate 
nature or content of the group antigen. 

Although various methods of formalin treatment of virus suspensions from 
mouse tissue or embryonated eggs were tested, a marked degree of anti-comple- 
mentary activity invariably developed. It is possible that more highly purified 
suspensions would not present this difficulty and, in any case, such preparations 
might repay full investigation by the method of agglutination. Formolized 
suspensions of psittacosis virus from allantoic fluid were agglutinated by antisera 
from pigeons, but not by a limited number of human L.G.V. sera which fixed 
complement in the presence of the heated antigen (Labzoffsky, 1946). 

Acid treatment of virus suspensions was investigated especially for the 


20 
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presence of soluble specific antigen in the supernatant fluids, but the neutralized 
extracts were never found, by a variety of in vitro methods, to contain detectable 
amounts of group or specific antigen. They were, however, active in the skin 
sensitized patients and produced sharply specific reactions in 9 out of 12 with 
L.G.V. while, in the remaining 3, considerably larger reactions resulted from the 
homologous extract. In 2 patients recently recovered from psittacosis the reaction 
to these extracts was wholly or mainly specific, but they did not react to Frei 
antigen although they did to heated psittacosis virus. This contrasts with the 
findings in L.G.V. patients, in whom the reactions to boiled psittacosis and Frei 
antigen were equally good. ; 

Apparently skin sensitivity always develops in patients with L.G.V., while in 
human infections with viruses of the psittacosis group this occurs much less 
regularly. Rake, Eaton and Shaffer (1941), for instance, found the Frei test to 
be positive in only 5/8 cases of atypical pneumonia due to this cause, but pheno- 
lized psittacosis virus was not used as well in these tests. It is possible that this 
difference is due to the more acute nature of psittacosis, although a very chronic 
carrier state can occur (Meyer and Eddie, 1951). In rabbits previously infected 
with meningopneumonitis, psittacosis, mouse pneumonitis, feline pneumonitis 
or L.G.V. virus, Kilham (1948) demonstrated cross intradermal reactions in the 
majority to phenolized antigens. There were however some negative results 
with heterologous antigens, and one rabbit, infected with mouse pneumonitis 
virus, reacted only to the homologous antigen. Virus suspensions are not usually 
washed after treatment with heat or phenol, and it seems probable that the specific 
antigen is sometimes still capable of playing a major réle if the antibody to it 
predominates. 

Further work is required in order to define the properties of the specifically 
reactive component mainly present in acid extracts of psittacosis and L.G.V. 
viruses. Investigation is also needed into the possible relationship between the 
specific toxic factor studied by Rake and Jones (1944) and the specific antigen 
demonstrable by the skin reactions and in vitro tests described here. 

Where fowl sera have been used in inhibition complement-fixation tests for 
studying viruses of this group the antigens were prepared in such a way as to 
destroy, or considerably reduce, the activity of the specific antigen (Karrer, 
Meyer and Eddie, 1950 ; Hilleman, Haig and Helmold, 1951). However, Downie 
and MacDonald (1950) found that sera from hyperimmune chickens revealed 
specific differences and affinities between the pox viruses more clearly than 
mammalian sera. It might well be profitable to use chicken sera in this way 
with unheated suspensions of the Castaneda-positive viruses, and similar concen- 
trated and purified preparations might be found to agglutinate specifically with 
sera from the same source. 


SUMMARY. 


An enhanced complement-fixing activity of the group antigen, comparable 
with that produced by boiling or autoclaving, resulted from the treatment of 
unheated psittacosis or L.G.V. virus with phenol, dilute hydrochloric acid or 
papain. In these and in similar tests on boiled virus the group antigen was 
resistant to these reagents, but slight group activity was sometimes detected in 
virus-free supernatant fluids. In experiments with acid-treated suspensions 





CHEMICAL TREATMENT OF PSITTACOSIS AND L.G.V. VIRUSES 279 


these traces of soluble group antigen were precipitated on neutralizing the centri- 
fuged fluid. 

Ether treatment of unheated yolk-sac suspensions of psittacosis virus also 
produced enhancement of group activity. Ether extracts, separated from the 
aqueous layer after prolonged exposure, contained most of the group antigen. 

Both heat-labile and heat-stable components were unaffected by trypsin. 

High dilutions of potassium periodate rapidly and completely destroyed the 
complement-fixing power of boiled suspensions of both viruses. Such preparations 
were still capable of eliciting positive Frei reactions. This reagent effectively 
eliminated the relatively weak group activity of unheated virus suspensions, and 
specific complement fixation was then obtained although high concentrations of 
virus were required for this purpose. 

Various attempts to prepare suspensions of regular and stable specific reactivity 
were unsuccessful. 

Extracts of psittacosis and L.G.V. viruses prepared by treatment with dilute 
hydrochloric acid did not react in vitro, but produced specific or largely specific 
skin reactions in psittacosis and L.G.V. patients. 


I am greatly indebted to Professor 8. P. Bedson for his help and interest in 
the work reported in this and the preceding paper. 
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In recent months the question of whether recombination occurs with influenza 
viruses, in the manner described for bacteriophage, has occupied a considerable 
amount ofattention. That two different virus particles, either alive or inactivated, 
should be able to combine within the host cell so as to produce stable “ offspring ” 
with a more or less haphazard reassortment of hereditary characters is a question 
of more than academic interest, with far-reaching implications. It has clearly 
been shown (Sugg and Magill, 1948; Liu and Henle, 1951la) that two different 
strains of influenza virus may, under suitable conditions, be propagated together 
through several transfers, each maintaining its own characteristics. But Burnet 
and Lind (1951a and 6) have found that under certain conditions, under which the 
full growth of both components of an influenza virus mixture is suppressed, viruses 
can quite readily be isolated, which carry some of the properties of both parents 
yet do not behave like a mixture. By inoculating mice intracerebrally with a 
mixture of one of various non-neurotropic A strains, and in each case neurotropic 
W.S., in such proportions that the growth of the latter was nearly but not quite 
prevented by interference, neurotropic virus was isolated which exhibited the 
serological properties of the non-neurotropic component of the mixture. In other 
properties these strains varied, and they were not always the same as either parent. 
Burnet and Lind concluded that these strains were not mixtures, but that a re- 
combination of characters had occurred. The use of passage at high dilution 
(Isaacs and Edney, 1950a) formed an essential part of the technique, to show that 
simple mixtures were not responsible for the various properties of the strains. 

In the case of bacterial viruses Luria and Dulbecco (1949) have demonstrated 
upon a numerical basis the production of active particles from ultra-violet 
irradiated and inactivated Bact. coli phage. This occurred when the number of 
phage particles was sufficient to produce multiple infections of a bacterial cell, and 
was attributed to a reassortment of irradiated units which had not undergone 
lethal mutations. Liu and Henle (19515) have reported that such multiplicity 
reactivation also takes place with influenza viruses irradiated with ultra-violet 
light, when the dose of irradiation is such that the majority of particles receive 
single, or few, hits. 

Because of the findings of Luria and Dulbecco (1949) the first experimental 
work here was planned to determine whether recombination could be demonstrated, 
with influenza virus, by a comparable method. If this were so, from an inactivated 
inoculum seeded allantoically in eggs, viable virus should only be isolated where 
the inoculum is sufficiently Jarge to produce multiple infections of host cells, but 
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not from a similar inoculum distributed in small amounts amongst a number of 
eggs. It was found, however, that increase in haemagglutinins occurred some- 
times with inocula of any size, from 0-01 ml. to 0-5 ml. of irradiated allantoic 
fluid, of PRS or of Kunz virus. Results were difficult to interpret, largely because 
of two unknown factors—the extent of distribution of an inoculum in the allantoic 
cavity before the virus particles become intracellular, and the possible presence of 
a few viable particles in the inoculum which had survived irradiation. It was 
decided therefore to investigate the possibility of producing ‘‘ recombinants ”’ of 
influenza virus from two partially inactivated strains of originally different 
properties. 
MATERIALS AND METHODS. 

Viruses. 

The two viruses chosen for this work were (1) Kunz, an egg-adapted A prime 
virus, isolated in Sheffield in 1947 (Stuart-Harris and Miller, 1947), and (2) Neuro 
W.S. (N.W.S.), a neurotropic variant derived from the classical W.S. strain 
(Stuart-Harris, 1939). These two viruses show no antigenic relationship in 
haemagglutination cross-titrations with ferret immune sera, and in addition they 
may be differentiated by intracerebral mouse inoculation. N.W.S. inoculated 
intracerebrally causes paralysis and death ; Kunz does not usually survive more 
than one generation. 


Irradiation technique. 

Allantoic fluids of Kunz and N.W.S. were irradiated separately, in films of © 
about 2 mm. depth in flat glass dishes, for 5 and 3 minutes respectively, at a 
distance of 7 in. from an ultra-violet light source of wave-length 2537 A.u. Previous 
work had shown that this amount of irradiation did not alter the haemagglutinin 
titre, though réducing considerably the infectivity titre—in fact around this dose 
of irradiation fluids frequently appeared to be sterile upon egg passage in any 
dilution tested. Absolute sterility may be difficult to establish because of the 
interfering effects of large amounts of inactive virus inevitably present in an 
irradiated inoculum which may block the growth of the few particles remaining 
active, and also because, as Liu and Henle (19516) have shown, new viable virus 
may under some conditions be regenerated from the inactive virus of the inoculum. 
That such recombination occurred with the dose of irradiation used here was 
difficult to establish upon a numerical basis. The effects of a decreased amount 
of irradiation were not investigated. 

It remained to be found whether the dose of ultra-violet light used, though net 
detrimental to the haemagglutinin titre, would still leave unimpaired the more 
easily destroyed capacity (Henle and Henle, 1947) to enter the host cells and 
initiate the first stage of infection. It has been shown by Isaacs and Edney 
(19506) that interference by one virus with the growth of a second virus is essential- 
ly an intracellular process. The capacity of irradiated virus to cause interference 
was therefore used as an indication of its power of entering the cells of the allantoic 
membrane. In the case of Kunz, this was determined as follows. Irradiated 
allantoic fluid was diluted 1 in 100, and 0-5 ml inoculated allantoically in four chick 
embryos. This was followed one hour later by 100 I.D.,9 of unirradiated N.W.S: 
The second virus was prevented from growing in any of the eggs. The converse 
effect of interference by N.W.S. with the growth of Kunz in eggs is more difficult 
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to establish, and the irradiated fluid was not tested in this way. As, however, it 
received little more than half the dose of irradiation used for Kunz, it seemed 
likely that the capacity of N.W.S. to enter the host cell would not be impaired. 


Recovery of modified virus. 


After irradiation the haemagglutinin titres of the fluids were found. A 
mixture of undiluted fluids was prepared in which the respective haemagglutinin 


content of the two viruses was the same and the ratio of Kunz to N.W.S. virus was . 


1: 1-6. Varying amounts of this mixture (from 0-1 ml. to 0-01 ml.) were then 
injected into the allantoic cavity of 11-day’ chick embryos. Virus-containing 
fluids were harvested from 11 of 12 eggs thus inoculated, after 48 hours’ incubation 
at 37°. The haemagglutinating property of these fluids was tested at a dilution of 
1/10 in the presence of immune ferret sera previously treated with cholera filtrate 
(Appleby and Stuart-Harris, 1950). In every case Kunz antiserum inhibited, but 
N.W.S. serum failed to inhibit, haemagglutination. 

Six of these fluids taken at random were passed intracerebrally in mice, where 
four readily gave rise to signs of cerebral involvement. Brain emulsions from 
these mice harvested 72 hours after inoculation were then passed in eggs allantoic- 
ally, both with and without N.W.S. antiserum. In most cases, no growth occurred 
in the presence of serum, and brain emulsion propagated without serum, when 
titrated in haemagglutination tests in the presence of immune sera, behaved 
serologically like N.W.S. These were not investigated further. One mouse brain 
emulsion, however, gave rise to a haemagglutinating fluid which was not neutra- 
lised by N.W.S. serum in ovo, but was neutralised by Kunz serum in vitro. This 
strain was passaged further. 

It was found that this virus when propagated in eggs in the presence of N.W.S. 
antiserum for one generation maintained its pathogenicity for mice, intracerebrally, 
through six consecutive generations, each passage causing paralysis and death, 
while showing the serological characters of Kunz. 

The series of steps by which the new strain (N—K) was established are shown as 
follows : 


Kunz 
Irradiated { + hin eggs — allantoic fluid intracere- —>brain emulsion allantoically in 
N.W.S. brally in mice (encepha- eggs with N.W.S. antiserum 
litic symptoms after 5 (haemagglutinins neutra- 
days) lised by Kunz serum) 


——~— allantoic fluid intracerebrally in mice—6——-—>brain emulsion allantoically in eggs—4 
generations (paralysis and death) generations (haemagglutinins neutralised 
by Kunz serum) 


Passage at limiting dilution —In am- investigation of recombination it is of 
prime importance to rule out the possibility that a “‘ recombinant ” may in fact be 
a mixture of both parents. For purification of strain N-K use was therefore made 
of the limiting dilution technique in eggs, recommended by Isaacs and Edney 
(1950a) as follows : 


Ist passage, with fluid diluted 10-8, 2/8 egg fluids positive. 
2nd passage, with fluid diluted 10-8, 2/4 egg fluids positive. 
3rd passage, with fluid diluted 10-8, 2/7 egg fluids positive. 
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The two virus-containing fluids from the last passage were examined and found 
to be the same in neurotropic and serological properties as the original strain. 
One of these was then passed at limiting dilution at the National Institute for 
Medical Research by Dr. Isaacs, in 16 eggs, of which 5 showed growth of virus. 
These fluids were all alike in their outstanding properties and resembled the 
original virus. 

It was thus established that this strain was stable through many mouse and 
egg transfers, and two components could not be separated by this means. ; 


Characters of Neuro-Kunz Strain. 


Methods which may be reliably employed to characterise an influenza virus are 
limited. Strain N-K was compared with the two parent viruses in the following 
properties : antigenic relationships, growth in mouse brain and lung, and behaviour 
toward a haemagglutinin inhibitor from sputum. 

Virus preparations were used in the form of egg allantoic fluids. In every 
experiment the three fluids to be compared were treated in the same way both be- 
fore and during the experiment and the conditions were made as nearly as possible 
the same for each virus. 


1. Cross titrations of immune sera. 


Convalescent ferret sera were prepared from ferrets inoculated intranasally with 
allantoic fluids. They were titrated by cross-haemagglutinin inhibition tests, using 
a modification of Salk’s method. In order to minimise non-specific effects sera 
were treated with cholera filtrate before titration. To one part of serum was 
added two parts of cholera filtrate with two parts of normal saline, and the mixture 
incubated at 37° overnight and then heated at 58° for 50 minutes. It was found 
that this treatment removed non-specific inhibitors of haemagglutination from 

‘normal ferret sera, but it did not appear to reduce the antibody level for homo- 
logous viruses (Appleby and Stuart-Harris, 1950). In each case pre-infection 
sera from the ferrets when treated with cholera filtrate failed to inhibit agglutination 
of the homologous virus used for infection. Antigens (allantoic fluids) were 
adjusted to contain 4 M.H.D. 


TaBLE I.—Comparative Titres of Ferret Antisera with N-K Strain and 
Parent Viruses. — 
Virus. 
Kunz . . 1536 . <24 . 1536 
N.WS. . er | ee 
N-K . . a 48 . 1536 


Antiserum. 


The results recorded in Table I showed that the new virus was similar in 
antigenic structure to Kunz, but had some apparent relationship to N.W.S. 


2. In vivo neutralisation tests. 


Neutralisation by immune ferret sera in vivo revealed a rather closer relation- 
ship of N-K to N.W.S. 
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(a) In eggs.—One in five serial dilutions of freshly harvested allantoic fluids of 
N-K were mixed in each case with equal volumes of either Kunz or N.W.S. 
undiluted immune ferret serum. Of the mixtures 0-1 ml. was injected into the 
allantoic cavity of 11-day embryos. After 3 days’ incubation the growth of virus 
was determined by haemagglutination. 

Under these conditions no growth occurred in eggs receiving 0-1 ml. of a 1/10 
dilution of virus in the presence of Kunz immune serum, while N.W.S. serum 
reduced the 50 per cent infectivity titre from 10-§ to 10-* (Table II). The pos- 
sibility that this neutralisation might have been in some part due to non-specific _ 
serum substances was not investigated. 


TaBLE II.—Neutralisation of N—K Strain by “ Parent” Immune Sera in Eggs. 
Ferret Dilutions of virus. 
entiosrem. i i. 1% oh ee ie 1. 18. 

None aaa dD. 4/11 
Kunz . 0/6 . O/F «. — 2. — 2. rr 
TE a5 net a a AN ie AM is sacs ems a ig ap 
The denominator represents the number of eggs inoculated ; the numerator the numbers from 

which virus was recovered. 


(b) Jn mice.—Similar effects were obtained upon intracerebral inoculation of 
the virus in mice. Inocula were prepared as for egg neutralisation tests. As 
before, the neutralising effect of Kunz serum was greater than that of N.W.S., as 
it accounted for rather more than 100 L.D.59 of virus, while N.W.S. serum 
neutralised about 10 L.D.,. (Table III). 


TaBLE III.—Neutralisation of N-K Virus by Parent Immune Sera in Mouse 
Brain. 


Dilutions of virus 
Ferret (allantoic fluid). 
antiserum, -— nn 
10. 10-*, 10-3, 1O-*: 10-5; 


None. . 4/4 . 4/4 . 4/4 . 3/4 . 0/4 
Kunz . . 4/4 . 3/4 . 0/4 . 0/4 . 0/4 
ees oe . a CM 


The denominator represents the number of mice inoculated ; the numerator the number of deaths. 


3. Tissue tropism. 

(a) Mouse brain inoculationNo detectable difference was found in the 
symptoms produced by N-K and N.W.S. strains when given, in dilution, intra- 
cerebrally in mice. Both viruses caused paralysis, followed by death after 
(usually) 5-8 days. 

The titre of infective virus in mouse brains 3 days after inoculation, determined 
by passage of mouse brain emulsion in serial dilutions in eggs, was approximately 
the same for both viruses. The 50 per cent infectivity dose for each virus lay 
between 10-5 and 10-6. 

Kunz virus, even in large doses, did not produce neurotropic symptoms, and 
was not recoverable from mouse brains after the second transfer. 
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(b) Mouse lung inoculation.—Intranasal inoculation showed N-K virus to be 
intermediate in its affinity for mouse lung tissue between the two parent strains, 
but perhaps rather closer to Kunz. 

Groups of 6 mice were inoculated with undiluted allantoic fluid under light 
ether anaesthesia. Of these 6 mice, 2 were killed after 2 days, and their lungs 
emulsified to provide passage material ; 4 were killed after 7 days and the lungs 
examined. 

N.W.S. was lethal for mice in the second mouse lung generation, producing 
almost complete consolidation. Mice inoculated with Kunz virus had in the third 
generation few symptoms but showed scattered small lung lesions. N-—K caused 
extensive areas of consolidation in the third generation, with 1 death in 4 mice 
after 6 days. 


4. Behaviour toward inhibitor from sputum. 


A solution of haemagglutinin inhibitor was prepared from human sputum by 
thorough maceration with powdered glass, centrifugation, and filtration through 
tightly packed cotton-wool. Sufficient penicillin and streptomycin were added to 
ensure bacteriostasis, but the preparation was not heated. Such a fluid regularly 
exhibits powerful inhibitory properties in the haemagglutination test with influenza 
viruses. 

Virus-infected egg allantoic fluids were either freshly harvested, or recently 
stored at —72° with no more than one freezing and thawing. Red cells of different 
fowls, while giving somewhat different inhibitory titres, did not alter the relative 
titres or the significance of the results. 

To serial 1 in 2 dilutions in normal saline an equal volume of virus dilution 
containing 4 M.H.D. was added. A 0:25 per cent suspension in normal saline of 
fowl red cells was added (a) simultaneously with the virus, and (b) after varying 
periods of incubation of inhibitor-virus mixture at 37°. 

As an example, the results of one experiment, in which the contact period at 
37° of virus and inhibitor was 45 minutes, are given in Table IV. 


TaBLE IV.—Titres of Sputum Inhibitor with N—K and Parent Strains. 
Inhibitor titres. 

Virus. ————$—_—_—$ 

No contact. 45 min. contact. 


Kunz . : 128 A 64 
N.WSS. . : oo 4,056 
> , . 4,056 . 16,224 
Lee* ; 128 : 2,048 


* Allantoic fluid heated at 56° for 30 minutes. 


The inhibitor titres obtained upon adding red: cells and virus simultaneously, 
reflecting the relative affinity of each virus for the inhibitor and for the red cell 
receptors, show a difference between the three strains. N.W.S. has a markedly 
greater affinity for this inhibitor than has Kunz. N-K was inhibited to a sig- 
nificantly greater degree even than N.W.S. 

During the 45 minutes’ contact of virus with the inhibitor two events may 
occur. Burnet (1948) has shown that purified mucoid inhibitor of the Francis type 
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requires some period of contact with inactivated virus before the maximum 
inhibitor titre of the preparation is reached. This fact is illustrated in Table IV, 
with the inhibitor preparation used here, where the titre to heated Lee virus is 
16-fold higher after 45 minutes’ contact. It seems reasonable to expect that a 
similar progressive change may occur with live virus particles, and Smith and 
Westwood (1950) have shown that this may sometimes occur with live PR8 virus 
and rabbit serum inhibitor during three hours at 2°. At the same time virus 
strains possessing enzymic activity are capable of bringing about a progressive 
destruction of inhibitor, thus reducing the latter’s titre. Enzymic activity is a 
property which varies very much with different strains of influenza virus, and 
it is a relatively constant characteristic for a strain. The final titre of inhibitor 
after the contact period would therefore depend upon the balance between these 
two processes. 

It might be deduced from Table IV that N.W.S. and N-K possess little enzymic 
activity, since the inhibitor titre increased on contact, though to a less extent than 
with heated Lee virus. Burnet’s work (1951) suggests that N.W.S. is relatively 
feeble in content of enzyme of this nature. In the case of Kunz, however, the 
increase in titre of inhibitor expected upon contact of a virus devoid of enzyme was 
not found, and in fact there was a decrease. It appears difficult to reconcile the 
behaviour of N—K in this respect with the possession of any Kunz component. 


DISCUSSION. 


The new strain of influenza virus which has been isolated appears to have a 
combination of the characters of both parents, so distributed that it is difficult to 
interpret its behaviour as a mixture of any fixed proportions of the parent viruses. 
If it were such a mixture, while intracerebral passage in mice shows it to be 
predominantly N.W.S., the same fluid by neutralisation tests in vitro is predom- 
inantly Kunz antigenically. 

It is stable upon repeated mouse and egg passages, and in envirenments which 
would suppress one or other component of a mixture. Thus, virus recovered from 
the 6th consecutive mouse brain generation is neutralised by Kunz antiserum in 
spite of the fact that such intracerebral passage would favour the N.W.S. neuro- 
tropic virus at the expense of the Kunz component originally employed. 

In behaviour toward sputum inhibitor, where there is a marked difference 
between the two parents, the new strain possesses the N.W.S. character of weak 
enzymic activity. 

There remains the possibility that the altered properties of the virus were a 
direct result of mutation induced by U-V irradiation of either Kunz or N.W.S. 
From a survey of the discovered properties of the strain it would seem very 
unlikely that a single irradiation could have produced these combined effects. 

The new virus appears therefore to be a stable strain possessing genetic com- 
ponents of both parents, whose origin could be explained by the process of recom- 
bination. It will be recalled that the strain was only recovered from one of the 
egg fluids obtained from the batch of eggs originally inoculated with the two 
partially inactivated parent viruses. Five other eggs yielded viruses of the Kunz 
or N.W.S. strains of which one virus only survived passage in the mouse brain. 
It is likely, therefore, that the egg fluids contained mixtures of the two viruses, 
and that recombination occurred in the mouse brain inoculated with the mixture. 
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The technique employed would render survival of a neurotropic virus possessing an 
antigen of the Kunz type theoretically possible, and would tend to suppress growth 
equally of a non-neurotropic agent or of a virus with the W.S. antigen. Final 
proof of the mode of origin of the new strain was not however obtained. 


SUMMARY. 


By the simultaneous inoculation into embryonated eggs of two ultra-violet 
irradiated influenza A strains of different antigenic properties and tissue tropism, 
a new strain of influenza virus has been isolated. This possesses some characters 
of both parents, but so distributed that it appears improbable that this virus could 
in fact be an unpurified mixture of both parents. Its origin could be attributed 
to a process of recombination. 


I would like to express my thanks to Professor C. H. Stuart-Harris for his 
helpful advice and criticism during the conduct of this work. 
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PTEROYLGLUTAMIC acid (synthetic folic acid) was prepared by Angier and 
fifteen co-workers (1946), and shown to have the full biological activity of the 
growth factor for Lactobacillus casei present in liver. The pteroylglutamate 
(PtG) molecule contains a p-aminobenzoate (p-AB) residue; many organisms 
have now been studied with regard to the ability of PtG to replace p-AB both as a 
growth factor, and as an antagonist of inhibition of growth by sulphonamides. 
Such studies have been reviewed in detail by Woods (1950). Briefly, certain 
organisms which normally require p-AB as a growth factor (e.g., Streptobacterium 
plantarum, Lactobacillus arabinosus, Clostridium acetobutylicum) can grow when 
PtG is supplied instead, although the molar concentration necessary is 10 to 50 
times higher ; in the case of Clostridium tetanomorphum, however, PtG is rather 
more active than p-AB. With all these organisms inhibition of growth by 
sulphonamides is overcome by both p-AB and by PtG; the former shows the 
usual competitive relationship with sulphonamides, whilst PtG acts non-com- 
petitively and at growth factor levels ; i.e., the organisms are essentially insensitive 
to sulphonamide inhibition in the presence of PtG (Nimmo-Smith and Woods, 
1948 ; Lampen and Jones, 1947 ; Sims and Woods, 1949). 

Pteroylglutamate, however, behaves quite differently with other organisms 
which require p-AB for growth. It will not, for example, replace either the growth 
factor or anti-sulphonamide function of p-AB with an induced mutant strain of 
Bacterium (Escherichia) coli (Lampen, Jones and Roepke, 1949). It is similarly 
ineffective with Acetobacter suboxydans 621, induced mutant strains of Newrospora 
(unpublished work of this laboratory) and a p-AB-requiring strain of yeast 
(Rainbow, 1948). 

The anti-sulphonamide action of PtG has also been examined with several 
organisms which do not require p-AB as growth factor; it has been found by 
itself to be inactive (Lampen et al., 1949 ; Winkler and de Haan, 1948). 

Nimmo-Smith, Lascelles and Woods (1948) have shown that suspensions of 
Sbm. plantarum 58 synthesize Lb. casei factor (related if not identical with PtG) in 
a simple system in which growth does not occur. Such synthesis depended on the 
presence of p-AB and was inhibited by sulphonamides ; this inhibition was over- 
come by p-AB in a competitive manner. 

It thus seems clearly established that one of the effects of the competition of 
sulphonamides with p-AB is to prevent the synthesis of “ folic acid.”” In some 


* Exhibition of 1851 Overseas Scholar at the time of this work. 
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organisms, indeed, this is sufficient on its own to account for the effect of sulphon- 
amides on growth. With others, however, the position appears to be more complex, 
at any rate in so far as can be judged from experiments with synthetic PtG. One 
method of approach to a solution of this problem is to determine if typical orga- 
nisms with which PtG is inactive can synthesize “ folic acid ’’ from p-AB in simple 
systems, and if this synthesis is inhibited by sulphonamides. Such studies with 
strains of Bact. coli requiring p-AB and with strains of Staph. aureus and Bact. 
coli not requiring this factor are the subject of the present paper. 


MATERIALS AND METHODS. 
Organisms. 


Bact. coli.—Strain 273-384 (American Type Culture Collection Esch. coli No. 
9723a, hereinafter called Bact. coli 273, was an X-ray induced mutant requiring 
p-AB for growth. Some of its properties have been described by Lampen et al. 
(1949). The parent strain (15-9-518; A.T.C.C. No. 9723) was also used and is 
referred to as 518. Both were obtained from Dr. R. O. Roblin. A further strain 
(Y 44) which required histidine as well as p-AB was obtained from Dr. E. L. Tatum. 

Staph. awreus.—A laboratory strain (2102) was used. A substrain (2102R), 
which was more resistant to sulphonamide, was obtained from it by subculture in 
increasing concentrations of sulphathiazole. In the medium described below it 
grew in the presence of 5 x 10-4 sulphathiazole, whereas 2102 grew only if the 
drug was below 10-5 m. 

All strains of Bact. coli and Staph. aureus were maintained by monthly sub- 
culture on tryptic meat agar slopes which were incubated 18 hr. at 37° and then 
stored at 4°. Working cultures were derived from these and transferred twice a 
week. 

Other organisms.—Details concerning the strains of Lb. casei (A.T.C.C. No. 
7469) and Sbm. plantarum 58 have been given previously (Nimmo-Smith e¢ al., 
1948). Leuconostoc citrovorum (A.T.C.C. No. 8081) was maintained on the same 
medium as Sbm. plantarum, but was incubated at 37°. 


Media. 


Culture media used for the preparation of cell suspensions are shown in Table I. 
Medium A (Bact. coli) was essentially that of Roepke, Libby and Small (1944) ; 
for strain 273, p-AB (2-5 x 10-8 M) was added, and also L-histidine (10-* m) in the 
case of Y44. Sulphathiazole was added (v. infra) to medium B for Staph. aureus. 

Medium C (Sbm. plantarum) was as described by Nimmo-Smith ef al. (1948).* 

Medium D for the assay of Lb. casei factor (Lc. factor) was modified from that 
described before (Nimmo-Smith et al., 1948) by the omission of asparagine and 
tyrosine (which had no effect on growth), and by reducing the concentrations of 
adenine and guanine to 5 x 10-5m and 10-5 respectively. 

For the detection and assay of L. citrovorum factor activity the medium used 
and procedure was essentially that of Sauberlich and Baumann (1948). The 
vitamin B, derivatives were, however, replaced by pyridoxal only (sterilized by 
filtration ; final concentration 2 x 10-7m) which was added to the autoclaved 

* Owing to a typographical error, not detected in proof, two vitamin components were omitted 


from the published composition of this medium ; they were calcium pantothenate and nicotinic acid 
(400 ug. and 100 xg. per litre respectively). 
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medium. The cultures were incubated in an atmosphere of 5 per cent CO, in H, 
since this improved growth. A specimen of L. citrovorum factor concentrate of 
potency c. 4000 units/ml. was kindly provided by Dr. W. B. Emery of Glaxo 
Laboratories Ltd. 
TaBLE I.—Composition of Media. 
Medium A Medium B 
(Bact. coli). (Staph. aureus). 
Glucose ‘ ; 2 g. 7 ¢.* 
Acid- -hydrolysed c. casein 
(vitamin-free)t ( Pe. : 
DL-tryptophan . . 40 mg. 
DL-cystein . : : 100 mg. 
L-Asparagine ‘ : ‘ — 
(NH,),SO, . . . - 
Na,HPO,.12H, Oo ‘ 5 g. 
NaCl . , , 2 g. 
KH,PO,.. ‘ . ‘ 350 mg. 
MgSO,.7H,O : : 100 mg. 
FeSO,(NH,),SO,.6H,O. 6 mg. 
CaCl,.6H,O é , é ‘ — 
Iron-citrate solutiont . . —- 
Thiamin hydrochloride. 200 ug. 
Nicotinic acid. , 1000 ug. 
Biotin ; > . 1 ug. 
Water to ; ‘ 11. 11. 


pH adjusted to ; 7:4 7:4 


* Added as a sterile solution to the autoclaved medium. 
+ Prepared after the method of Snell and Rannefeld (1945). The amount used was equivalent 


to 3 g. original casein. 
t 236 mg. sodium citrate (3H,O) and 168 mg. FeSO, (NH,),.SO,.6H,O dissolved in 100 ml. 


H,0. 


General procedure for synthesis experiments. 


Preparation of cell suspensions.—The same method was adopted with all 
strains of Bact. coli and Staph. aureus. The medium (25 ml.) in 7 in. x 1}-in. 
Pyrex tubes was inoculated with cells taken from an agar slope to give an initial 
population of c. 4 x 10° cells/ml. The tubes were incubated in a sloped position 
for 14 hr. at 37°. The cells were centrifuged out and washed once with the culture 
volume of 0-02 m phosphate buffer, pH 6-8. 

Synthesis system.—After any necessary further treatment to reduce the amount 
of Lc. factor initially present (v. infra) the cells were finally suspended to a con- 
centration of c. 0-2 mg. dry weight/ml. in solution F which contained p-AB 
(10-5 m), glucose (0-01 M), L-glutamate (0-01 m) and phosphate buffer pH 6-8 
(0-1 mM), prepared from Na,HPO,. 12H,O and KH,PO,. Such suspensions (2-5 mi. 
in 15 ml. centrifuge tubes) were usually incubated 5 hr. at 37°. 

Preparation of material for assay.—Normally the total amount of Lc. factor 
present in both cells and suspending solution was assayed. After incubation the 
suspensions were diluted with an equal volume of water (Bact. coli) or of medium 
D (Staph. aureus) and autoclaved for 10 min. at 10 lb. pressure. The supernatant 
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fluid after centrifuging was used for the assays with Lb. casei. If the Staph. 
aureus suspensions were diluted with water, less Lc. factor was found. 


RESULTS. 
Nature and Assay of the Lb. casei Factor. 

It must be emphasized that the material whose synthesis was studied was 
simply material which could replace PtG for the growth of Lb. casei. It is there- 
fore referred to as Lc. factor ; the evidence presented below indicates that it is 
probably related to PtG, though certainly not identical with the synthetic product. 
Thymine, in relatively high concentration and in the presence of purines, is known 
to replace PtG for Lb. casei (Lampen and Jones, 1946); it is shown below that 
thymine, even with PtG present also, cannot account for the activity of the present 
material. 


0:8 0-8 


0-2 


0-6 0-6 
e 
: Sie 
= 0-4 0-4 
4 
= 
; f ; 


= 
TS) 


"Oe 


0 0-1 0:2 03 O 0-1 0-2 0 
PtG (myg./ml.) or diluted bacterial extract (ml./ml.) 


Fic. la and b.—Response of Lb. casei to pteroylglutamate and to bacterial extracts. Incubation 
was for 23 hr. with PtG (— @ —), orextract (— © —) from Bact. coli 273 (a) or from Staph. aureus 
2102 (6). 


Assay procedure. 

The method was only slightly modified from that described by Nimmo-Smith 
et al. (1948). Aliquots of the extracts, after suitable dilution, were added with a 
calibrated dropping-pipette to tubes of medium D before autoclaving. This 
second autoclaving of the extracts did not affect their content of factor. 


Nature of the growth response. 
Graded quantities of extracts of Staph. aureus gave a response with Lb. casei 
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(Fig. 1b) which diverged somewhat from that obtained with PtG. A similar 
though less marked difference was found with extracts of Bact. colt (Fig. 1a). 
The divergence increased with increasing quantities of the extract and occurred 
whether the growth time was 16, 24 or 40 hr. Extracts of Sbm. plantarum had 
previously been found to show this effect, but only when the growth period 
exceeded 20 hr. (Nimmo-Smith ef al., 1948). In the present assays incubation 
was for 20-24 hr. 

A divergence of this type might be explained (a) by the presence in the 
bacterial extracts of non-specific factors which stimulate the growth of Lb. casei 
in the presence of Lc. factor, or (b) by the possibility that the Lc. factor present is 
not chemically identical with PtG, though having the same biological effect—in 
this case a more potent one since the optimum mass of growth is greater than with 
PtG. Evidence against (a) was found in experiments in which the response to 


0:7, 
0-6 
0°5 
20-4 
cc @ 
B 0.3 of 
0-2 
0:1 


0 0-4 


0:2 
PtG (mug,/ml.) 


Fic. 2.—Effect of staphylococcal extract on response of Lb. casei to pteroylglutamate. 
Incubation was for 22 hr. with PtG (— @ —)or with PtG plus 0°05 ml./ml. staphylococcal 
extract (— © -). 


PtG in the presence and absence of a constant amount of staphylococcal extract 
was compared. The extract was added in volume at least equal to or greater than 
that used for normal assay, and itself contained only minimal amounts of Lc. 
factor. These extracts were prepared either from cells grown in the presence of 
sulphathiazole, or from washed cells after incubation in solution F but with 
sulphathiazole present (v. infra). A typical result (Fig. 2) shows the only effect of 
the extract to be a small constant increase in growth at all concentrations of PtG, 
corresponding to the small amount of Lc. factor in the extract. It was therefore 
provisionally concluded that the extracts contained no non-specific stimulatory 
factors unless their production (as with Lc. factor) was prevented by sulphathiazole. 

The following substances gave response curves which were in no case similar to 
those obtained with the staphylococcal extracts (those marked* were also tested 
in admixture with PtG): pteroyl-y-y’—diglutamylglutamic acid,* pteroyl-o- 
glutamylglutamic acid, pteroylglutamine, N‘°-formylpteroylglutamic acid,* 
thymine* and thymidine.* 
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Relation of the factor to Leuconostoc citrovorum factor (folinic acid). 


A growth factor (CF) for Leuconostoc citrovorum has been shown recently to 
be closely related to folic acid, and there is strong evidence that the substance is 
5-formyl-5, 6, 7, 8-tetrahydropteroylglutamic acid. On mild acid treatment it 
no longer supports the growth of L. citrovorum, but is still active with Lb. casei 
(Bond, Bardos, Sibley and Shive, 1949; Brockman e¢ al., 1950; Broquist, 
Stokstad and Jukes, 1950; Pohland, Flynn, Jones and Shive, 1951). 

Typical cell extracts of Staph. aureus were 100-1000 times as active for Lb. 
casei as for L. citrovorum, whilst with a CF concentrate the difference was only 
2-3 fold (Table II). Both the concentrate and a specimen of the synthetic factor 
(kindly provided by Dr. T. H. Jukes) gave response curves with Lb. casei which 


TaBLE IT.—Activity of Staphylococcal Extracts and L. citrovorum Factor for 
Lb. casei and L. citrovorum. 
The staphylococcal extracts were prepared from three experiments 
with suspensions cf Staph. aureus 2102R in solution F. For method of 


acid treatment see text. 
Amount (v1./ml. for half-maximum 


Material assayed. growth of— 
Lb. casei. L. citrovorum. 

Extract (1) 0-1 230 
Extract (2) " ‘ 0-5 400 
Extract (3) 5 0-7 100 
Extract (3) acid- treated 0-8 500 
CF concentrate 0-2 0-5 
CF concentrate acid- 

treated . : ; 0-2 2-5 


were almost identical with that given by PtG. The characteristic divergent 
response curve of Staph. aureus extracts was not changed by treatment of the 
extracts with dilute HCl (pH 2) for 2 hr. at c. 18°, though there was an 80 per cent 
loss of the small CF activity (Table II). It is clear that the difference in behaviour 
of PtG and the Lc. factor in staphylococcal extracts is not due to the latter being 
CF either wholly or in part. 


Assessment of the factor. 

The range over which the response of Lb. casei to bacterial extracts coincided 
with that to PtG was narrow (Fig. 1); it was usually impossible to forecast the 
amount of an extract under test which would fall within this range. In practice 
therefore “‘ unknowns ” were assayed against a standard reference extract of the 
organism in question ; the latter was in turn checked in each assay against PtG 
since there was some slight day-to-day variation in the relationship. Such 
reference extracts were obtained by pooling the residues of experimental extracts 
and storing at 0°; they retained full potency for at least four weeks. 

Each complete assay therefore contained the following : (a) the “‘ unknowns,” 
each at two or three concentrations, (b) four levels of PtG in the range 0-01-0-08 
my/g./ml., and (c) four levels of the appropriate reference extract. The latter had 
been previously assayed against PtG and was diluted so that the response to the 


21 
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smallest quantity (24 wl.) was approximately equal to that with 0-01 mug. PtG/ml. 
In plotting the results, the scale for the reference extract standard curve was 
determined in terms of PtG by equating the lowest level of reference extract to 
the concentration of PtG which gave the same turbidity. The potency of the 
“ unknowns ” (in terms of PtG) was then read off from the reference extract 
curve. If the response obtained was greater than that with 0-06 mug. PtG/ml., 
the result was rejected and the assay repeated, using smaller quantities. The 
assessment of the Lc. factor in terms of mug. PtG was adopted for convenience ; 
it has of course no absolute significance, but this was immaterial in the present 
work since the interest was only in relative amounts of the factor produced under ~ 
varying conditions. All results are given as mug. Lc. factor/mg. dry wt. of cells. 


Initial Lb, casei Factor Content of Harvested Cells. 


As with Sbm. plantarum (Nimmo-Smith et al., 1948) neither Bact. coli nor 
Staph. aureus synthesized Lc. factor in cell suspension systems unless the cells 
were initially low in their content of the factor. Such cells were obtained in the 
case of organisms requiring p-AB by growth in suboptimal concentrations of this 
factor, and with the others by growth in sub-inhibitory concentrations of sulpha- 
thiazole ; when necessary a further reduction in content of the factor was effected 
by incubating the harvested cells with glucose in phosphate buffer (Table ITI). 


TaBLE III.—Preparation of Cells Deficient in Le. Factor. 

The figures given show the range found in at least five experiments 
with each organism. Incubation in buffered glucose was for 6 hr. in 0-1 m 
phosphate buffer (pH 6-9) containing 0-05 m glucose (20 ml.). The cells 
were then centrifuged out and stored as a paste overnight at 5°. 

Lc. factor (m ug./mg.) 
Organism. Procedure for depleted cells. in harvested cells. 
‘Normal. Depleted. 
Bact. coli 273 . , . Grown in 25 xX 10°%°mM . 25-45 1-10 
p-AB ; cells then in- 
cubated in buffered 
glucose 
Bact. coli 518 . ‘ . Grown in 10-*Msulpha- . 30-80 
thiazole ;_ cells incu- 
bated as above 
Staph. aureus 2102 . . Grown in 5 X 10-*m. 15-40 
sulphathiazole 
Staph. aureus 2102R . Grown in 5 X 10° mm. 100-300 
sulphathiazole 


Synthesis of Lb. casei Factor by Cell Suspensions of Bact. coli. 
Bact. cols 273. 

Substrates required.—Considerable synthesis took place in the simple reaction 
mixture (solution F). As judged by opacity measurements, some growth (never. 
more than the equivalent of one cell division) took place during the usual incubation 
period of 4-5 hr. Analysis of the effect of the various components of solution F 
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(Table IV) proved that the only absolute requirement was for p-AB. A detailed 
study of the effect of the concentration of this substance (Fig. 3) showed a sharp 
rise in synthesis between 1 and 5 x 10-7 mM p-AB; this concentration is rather 
greater than the optimum requirement for growth on medium A, which lies 
between 10-7 and 10-§ m. The omission of glucose resulted in reduction of 


synthesis by about 30 per cent. 


TaBLE IV.—Synthesis of Le. Factor by Cell Suspensions of Bact. coli and 
Staph. aureus. 
Cells were incubated for 5 hr. in solution F (see Methods), omitting 
components as required. 
Lc. factor formed (m zg./mg.). 
Component(s) of solution F 
omitted. Bact. coli Bact. coli Staph. aureus 
18. 2102. 
None ‘ ‘ ‘ 32 24 
Glucose. A : — 2 
Glutamate . ‘ : — 18 
Glucose and glutamate — — 
p-AB. ‘ ; ; 0 17 
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Fic. 3.—Effect of concentration of p-aminobenzoate on Lc. factor synthesis by Bact. coli 273. 
Incubation was for 5 hr. in solution F without p-AB, which was added to give the required 
concentration. Initial factor content, 2 myg./mg. 


The course of the synthesis with and without added L-glutamate is shown in 
Table V ; its presence permitted a higher initial rate, and synthesis continued for 
a longer time. Substitution of DL-aspartate gave a slightly greater initial rate, 
but synthesis then ceased for a time; on prolonged incubation there was a further 
small rise. With both amino-acids present the initial rate was still greater, but 
again ceased temporarily ; by 10 hr. however the value had risen to that found 
with glutamate alone. These results were observed consistently but the matter 
has not been investigated further. 
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Effect of pterin derivatives.—Solution F contains no preformed source of the 
pterin residue of folic acid, and in the above experiments this must have been 
present in, or synthesized from, cell constituents, or synthesized from the organic 
components of the solution. Formation of Lc. factor was not increased by the 
addition of any of the following possible precursors : 2-amino-4-hydroxy-6-methyl- 
pterin, 2-amino-4-hydroxy-6-carboxypterin and 2, 5, 6-triamino-4-hydroxy- 
pyrimidine ; all were tested at 10-* mM and 10-*m. Another substance, 2-amino- 


4-hydroxy-6-formylpterin, was studied in more detail as it was found (v. infra) 


TaBLE V.—Effect of Glutamate and Aspartate on Le. Factor Synthesis by 
Bact. coli 273. 


Washed cells with an initial factor content of 2 myg./mg. dry wt. were 
suspended in 10 ml. quantities of solution F without glutamate, and 
incubated in 6 X 1 in. tubes with the additions shown. Samples (2 ml.) 
were withdrawn at intervals. 


Additions. Lc. factor formed (m ug./mg.) after 
"Se aN <a incubation for (hr.)— 
L-Glutamate DL. Aspartate ee ee ESS NS SE AAT ES Paes Seen 
(0°01 m). (0°02 m). 1 3 5 10. 


—_ : 29 45 48 45 
45 53 66 84 
56 51 52 63 
73 67 63 84 


TaBLE VI.—E£ffect of Sulphathiazole on Le. Factor Synthesis by Strains 
of Bact. coli. 

Data obtained from a series of curves similar to those of Fig. 4 and 

expressed to the nearest 10 per cent. Molar ratio p-AB/sulphathiazole 

permitting half-maximum synthesis : strain 273 = 0-2; strain 518 = 1-0. 


: Per cent inhibition of synthesis by 
p-AB/sulphathiazole sulphathiazole at (m)— 
(molar ratio). 
19, 10, aes 


0-01 ‘ 90 90 90 
0-1 ‘ 60 60 60 
1-0 : 30 20 10 


Strain. 


| , 100 100 100 
-0 . 40 50 40 
10-0 30 30 20 


to be stimulatory with Staph. aureus 2102. With Bact. coli 273 it inhibited 
synthesis (c. 70-80 per cent) with concentrations from 10-4 m to 4 x 10-4 M and 
with either optimal or suboptimal p-AB. This pterin also inhibited the growth 
of Lb. casei, and in these experiments Lc. factor was assayed only on the washed 
cells after their removal from the reaction mixture by centrifuging. 

The effect of sulphathiazole—Synthesis was inhibited by sulphathiazole, and 
this was overcome when the concentration of p-AB was raised. Over a 1000-fold 
range of sulphonamide concentration the effect of p-AB was competitive (Table V1). 
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Since the curves obtained by plotting p-AB concentration against Lc. factor formed 
are parallel for all concentrations of sulphathiazole (Fig. 4), it follows that the 
critical ratio p-AB/sulphonamide is constant at all levels of Lc. factor synthesis. 
With a ratio of 0-2 synthesis was reduced to about one half ; synthesis was almost 
maximal when the ratio was 1. 

Synthesis of Lc. factor by the other mutant strain of Bact. coli (Y44) was also 
inhibited by sulphathiazole : the conditions were the same as those described for 
strain 273. The relation between p-AB and sulphathiazole was again competitive 
over a wide range of drug concentration. 
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Fie. 4.—Effect of p-aminobenzoate concentration on the inhibition by sulphathiazole of Lc. 
factor synthesis by Bact. coli 273. Incubation was for 5 hr. in solution F with varying 
concentrations of p-AB and with sulphathiazole at (I) 10-* m, (II) 10-° m, (ITI) 10-* m and 
(IV) 10-*m. Initial factor content, 2 m yg. /mg. 


Bact. coli 518. 

Requirement for p-AB.—The parent strain (518) did not require p-AB for 
growth. Nevertheless, cell suspensions synthesized little or no Lc. factor when 
p-AB was omitted from solution F (Table IV). Apparently the treated cells did 
not contain sufficient p-AB, or were unable to synthesize it in the required amount 
from the components of the solution. 

Effect of sulphathiazole.—The results obtained were essentially similar to those 
with the two mutants except for one quantitative difference. Reference to Table 
VI shows that for any one strain the percentage inhibition of Lc. factor synthesis 
with a given p-AB/sulphonamide ratio is fairly constant over a 1000-fold range of 
drug concentration. With strain 518 however the critical ratio permitting 
synthesis was about five times greater than with strain 273, i.e., more p-AB was 
required. This is rather the opposite to what might have been expected, since 
an organism potentially able to synthesize p-AB might, if anything, have con- 
tributed to the amount of p-AB present. It is possible that the normal organism 
may catabolize this substance and thus reduce the amount available for synthesis 
of Le. factor. 
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Synthesis of Le. factor by Cell Suspensions of Staph. aureus. 
Normal strain (2102). 


Substrates required.—Synthesis occurred in solution F, but glucose proved to 
be the only essential constituent of this mixture (Table IV). Omission of p-AB 
resulted in a slower rate of synthesis which also decreased more rapidly: after 
10 hr. almost twice as much factor had been formed in the presence of p-AB as in 
its absence (Fig. 5a). Since this organism can presumably synthesize p-AB it is 
possible that some was present preformed in the cells, or was produced by them. 
from endogenous material or from the components of solution F. 
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' Fie. 5a and b.—Rate of Lc. factor synthesis by strains of Staph. aureus. Incubation was in 
solution F without p-AB (— O -) and with 10-°m p-AB (— @ -). Initial factor content : 
2102, <1 mug./mg. ; 2102R, 1 mug./mg. 


Omission of glutamate did not always decrease synthesis ; in a few experiments 
when it did the effect was small and not increased by longer incubation. The cells 
were probably rich in free glutamate, since the growth medium contained acid- 
hydrolysed casein (Gale, 1947b). Attempts were made to diminish this by the 
methods used by Gale with Streptococcus faecalis R (1947a) and Staph. aureus 
(19476). Cells incubated first in buffer and glucose formed very little Lc. factor 
whether or not glutamate was present. Similar treatment of cells of Sbm. 
plantarum also impaired their synthetic powers (Nimmo-Smith et al., 1948). 
With cells harvested from young (6-hr.) cultures the stimulation by glutamate 
was again slight and variable. It is doubtful whether these cells were depleted of 
glutamate, since to obtain them deficient in Lc. factor it was necessary to add 
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sulphathiazole to the growth medium ; Gale (1947b) had found that the drug 
increased the concentration of free glutamate in young staphylococcal cells. 

Effect of other amino-acids.—Mixtures of amino-acids increased Lc. factor 
production when added to solution F (Table VII). No single member of stimula- 
tory mixtures accounted for the activity. Furthermore, groups containing four 
to six different amino-acids all gave the same (c. two-fold) stimulation. Ammonia 
(0-004 m to 0-04 M) was inactive. 


TaBLE VII.—Effect of 2-Amino-4-hydroxy-6-formylpierin and Amino-acids on 
Synthesis by Staph. aureus. 
Incubation was for 5 hr: in solution F with the additions shown. In 
Exp. 1 and 2 the factor in the washed cells only was assayed. 
~ Le. factor formed (m yg. /mg.) 
by strain— 
Formylpterin (M). Amino-acids.* 2102. 2102R. 
1 ; e — ‘ 11 67 
10-4 —- , 16 237 


Additions. 


Experiment. 


2 x 10 28 155 
4x 10+ 147 


2x 10-4 ‘ — 


2x 10-4 ; oo 


a == : , 101 
— a 207 
* The amino-acid mixture contained alanine, aspartic acid, isoleucine, leucine, lysine, methionine, 


phenylalanine, proline, serine, threonine, valine (all DL-), L-arginine, L-histidine and glycine; each 
was at 0°001 mM (L-isomer). 


Effect of pterin derivatives.—Formylpterin (2-amino-4-hydroxy-6-formylpterin) 
doubled the amount of Lc. factor produced (Table VII). Since the autoclaving 
of suspensions containing this substance produced substances inhibitory to Lb. 
casei these assays were carried out on the cells only. Parallel assays on the super- 
natants were done in some cases, and the results excluded the possibility that the 
formylpterin was merely preventing the escape of Lc. factor from the cells. Such 
assays were possible if the supernatants were sterilised by heating to 100° only 
for 3 min.; inhibitory substances were not then formed, at least in sufficient 
concentration to interfere. 

The increased synthesis,-even with optimal concentrations of formylpterin, 
was not as great as with a mixture of fourteen amino-acids. When both amino- 
acids and formylpterin were added the effect was not additive (Table VII) ; indeed, 
no more Lc. factor was formed than with the amino-acids alone. . One interpreta- 
tion of these results is that formylpterin may be converted by this organism (but 
not by Bact. coli) to some true precursor of the pterin residue, but that such 
conversion is less efficient than a de novo synthesis from amino-acids. 

The following compounds, tested at 10-° m and 10-4 m, had no effect on 
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synthesis: 2-amino-4-hydroxy-6-methylpterin, 2-amino-4-hydroxy-6-carboxy- 
pterin and 2, 5, 6-triamino-4-hydroxypyrimidine. 

Effect of sulphathiazole——Synthesis of Lc. factor by this organism was also 
inhibited by sulphathiazole, and the inhibition was overcome in the usual com- 
petitive manner by p-AB over a 100-fold range of drug concentration (Table VIII). 


TaBLE VIII.—Lffect of Sulphathiazole on Le. Factor Synthesis by Strains 
of Staph. aureus. 


The data have been calculated as shown in Table VI. Molar ratio 
p-AB/sulphathiazole permitting half-maximum synthesis: strain 2102 


= 4 and 2102R = 0-5. 
: Per cent inhibition of synthesis by 
: p-AB/sulphathiazole sulphathiazole at (m)— 
Strain. (molar ratio). —_— eo 
10-¢. 10-5, 107°. 


2102 . : ; 100 100 100 
. ; 60 60 60 

— 20 20 

— 0 0 


90 90 80 
‘ ‘ 40 40 40 
10- ; 0 0 0 


The critical ratio p-AB/sulphathiazole required to permit synthesis was of the 
same order as that for Bact. coli 518, and therefore about five times greater than 
that for the mutant requiring p-AB for growth. A possible explanation of this 
finding, which is rather the opposite of what might have been expected, has 
already been discussed. 


Sulphonamide-resistant strain (2102R). 

It was found (Table III) that harvested cells of this organism contained more 
than five times as much Lc. factor as those of the parent strain grown under 
similar conditions. In washed suspension the difference in Lc. factor synthesis 
in solution F was of the same order, the resistant cells producing about ten times 
as much as those of the parent organism (Table IX). 


TABLE [X.—Synthesis of Le. Factor by Staph. aureus 2102 and 2102R. 
Incubation was for 5 hr. in solution F. 
Le. factor (m yg. /mg.). 
na. 
Experiment. 2102. 2102R. 


Initial. Increase. Initial. Increase. 
<i 14 ‘ 3 175 
1 16 ; 5 138 
1 13 5 8 108 


There appears to be no recorded instance of increased ability to form Lc. factor 
occurring simultaneously with an increase in resistance to sulphonamide. This 
aspect will be discussed later. 
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Effect of p-AB.—Synthesis of Lc. factor occurred when p-AB was omitted from 
solution F, but as with the parent strain, the rate was not as great as in its presence 
(Fig. 5b). 

Effect of amino-acids and formylpterin.—Addition of a mixture of amino-acids 
or of formylpterin to solution F increased Lc. factor synthesis : in each case the 
degree of stimulation was of the same order as that found with the parent strain 
(Table VII). 

Effect of sulphathiazole—Le. factor synthesis by the resistant cells was inhibited 
by sulphathiazole, and p-AB overcame the inhibition competitively (Table VIII). 
The critical ratio p-AB/sulphathiazole for half-maximum synthesis was eight 
times less for the resistant strain than for the parent. 


DISCUSSION. 


A difficulty in considering the results of the experimental work concerns the 
nature of the material whose synthesis was studied. It replaced folic acid for 
the growth of Lb. casei, but the response curve differed from that given by synthetic 
pteroylglutamate ; this was especially the case with the material formed by the 
staphylococci. The material was intrinsically more active than PtG; it may 
therefore be more closely related than PtG to the functional form of folic acid in 
cell metabolism. One such substance is probably L. citrovorum factor (folinic 
acid), but conclusive evidence was obtained that only a small proportion of the 
activity of extracts of staphylococci could be due to the presence of this factor. 
The functional form of folic acid might be expected (provided that it can penetrate 
the cell) to render the growth of all organisms insensitive to inhibition by sulphon- 
amides. Cell extracts and culture fluids (rich in Lc. factor) of the sulphonamide- 
resistant staphylococcus were inactive in this respect with the normal Staph. 
aureus and with Bact. coli ; they were, however, active, as is PtG itself, with Sbm. 
plantarum (unpublished observations). The use of less rigorous methods of 
extracting the cells than autoclaving did not change these results. 

Folic acid also occurs naturally in the more complex form of conjugates with 
glutamic acid, though there is no evidence that these have intrinsic biological 
activity. Lb. casei is able to use at least some of these conjugates as a source of 
folic acid. The response curve given by staphylococcal extracts was not duplicated 
by any of the conjugates of PtG available for testing, either alone or in admixture 
with free PtG. All possible combinations were not tested, but it is unlikely that 
conjugates are involved, since there was a similar divergence in the response 
curves when Strep. faecalis R (which does not respond to known conjugates) was 
used as the assay organism ; furthermore, these assays gave the same value for 
folic acid as those with Lb. casei (unpublished observations). 

Finally, it seemed possible that the greater activity of the extracts was due to 
the presence of material unrelated to folic acid, but which stimulated growth of 
Lb. casei when optimal amounts of this factor were present. The experiments 
showed that, if this were the case, the production of these materials was also 
prevented by sulphonamides. The assay medium contained, with one exception, 
those substances for which there is evidence that synthesis depends on p-AB and 
is inhibited by sulphonamides (amino-acids, purines). The exception was thymine, 
but its addition did not convert the response curve of PtG to that given by the 
extracts. 
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An obvious component missing from the reaction mixture for the synthesis of 
folic acid was a preformed source of the pterin nucleus. 2-Amino-4-hydroxy-6- 
formylpterin doubled synthesis of Lc. factor by both strains of Staphylococcus. 
It is unlikely to be a direct intermediate since very high concentrations were 
required ; furthermore, it inhibited synthesis by Bact. coli and was ineffective 
with Sbm. plantarum (unpublished results). It is possible that Staph. awreus can 
convert this substance to a direct intermediate. Amino-acids may also lead to 
increased synthesis of such an intermediate since they also stimulate Lc. factor 


production. Nimmo-Smith et al. (1948) found that incubation in the presence of 


amino-acids was necessary to obtain active cell suspensions of Sbhm. plantarum. 
It is possible that a free pterin is not an intermediate, but that p-AB or p-amino- 
benzoylglutamate is combined with the pterin precursor. Reductone forms a 
compound with p-AB, and it has been suggested on purely chemical grounds that 
this compound is an intermediate in the biosynthesis of folic acid (Forrest and 
Walker, 1948). 

Increased production of p-AB by sulphonamide-resistant staphylococci is 
well established (Landy, Larkum, Oswald and Streightoff, 1943; Housewright 
and Koser, 1944 ; Oakberg and Luria, 1947). The present resistant strain had an 
increased capacity to synthesize folic acid from p-AB compared with its parent. 
Increased production of p-AB itself, if it occurred, could not account for the in- 
crease in folic acid, since even in the presence of excess added p-AB there was the 
same difference between parent and resistant strains. Synthesis of folic acid by 
cell suspensions of the resistant strain was eight times more resistant to sulpha- 
thiazole than that of the parent ; this compared with a fifty-fold difference in 
sensitivity when growth was the criterion. However, such quantitative com- 
parisons cannot be realistic until it is known that all the reactants necessary for 
the synthesis of folic acid by cell suspensions are present in optimal amount. 

With the organisms used PtG was inactive either in overcoming inhibition of 
growth by sulphonamides or in replacing p-AB as a growth factor. Nevertheless, 
they all formed in cell suspension or during growth a substance which replaced 
PtG for Lb. casei. The synthesis by washed cells was either dependent on or 
stimulated by p-AB and was inhibited competitively by sulphathiazole. Assum- 
ing that some form of folic acid is ultimately required by all micro-organisms for 
growth, these effects would alone be sufficient to explain why growth is prevented 
by sulphonamides, though the possibility that p-AB is also utilised for the 
production of a substance dissimilar from folic acid cannot be excluded. 


SUMMARY. 


A study has been made of folic acid synthesis by cell suspensions of (a) 
Bacterium coli (strains requiring p-aminobenzoate and a normal strain) and (5) 
Staphylococcus aureus (normal strain and a sulphathiazole-resistant strain 
derived from it). Pteroylglutamate is inactive in replacing either the growth 
factor or anti-sulphonamide activity of p-aminobenzoate with these organisms. 

Folic acid was synthesized by all organisms in a mixture containing buffer, 
glucose, glutamate and p-aminobenzoate ; the latter was essential or stimulatory 
in every case. Sulphathiazole inhibited the synthesis, the relation with p-amino- 
benzoate being competitive as in growth. 

The folic acid formed gave a response curve with Lactobacillus casei which 
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differed from that given by pteroylglutamate in that heavier growth was produced 
at optimum concentrations ; it was not identical with any member of the folic acid 
group tested. 

The sulphathiazole-resistant strain of Staph. aureus synthesized about ten 
times as much folic acid as the parent strain under similar conditions. 


We wish to express our gratitude to the Medical Research Council for a grant 
to one of us (J. L.) during the final stages of the work. We also wish to thank Sir 
Rudolph Peters for his interest and encouragement. We are indebted to the 
Lederle Laboratories Division of the American Cyanamid Company for generous 
supplies of “ aldehyde-free ’”’ pteroylglutamic acid and other pteroyl derivatives, 
and to Merck & Co., Inc., for a gift of N}°-formylpteroylglutamic acid. 
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KUMMERLING (1943) prepared killed suspensions of Bacterium coli, Proteus 
X 19 and certain vibrios which possessed tryptophanase action. The techniques 
employed were those originally used by Happold and Hoyle (1934, 1935). He 
showed that the tryptophanase from Bact. coli could be inhibited by an anti-coli 
serum, and that the Proteus X 19 tryptophanase could be similarly inhibited 
by the serum of typhus patients which give a positive Weil Felix reaction. He 
suggested that the anti-tryptophanase produced in response to each species 
shows a separate species specificity, but there was little evidence for this. Dolby 
and Happold (1951), unaware of the wartime work of Kiimmerling, prepared 
an anti-tryptophanase to partially purified tryptophanase from Bact. coli cells. 
The work which is reported here is a continuation of that concerned with the 
purification and characterisation of the Bact. coli tryptophanase, which has 
been recently reviewed elsewhere (Happold, 1950). 


METHODS AND MATERIALS. 
Preparation of Protein Fractions from Cells of Bact. coli. 


Previous work had shown that it was possible to obtain a fraction rich in 
tryptophanase by extracting an acetone dried powder of Bact. coli cells with 1/4 
saturated KCl solution for 2 hr. at 37° (10 ml. KCl solution per 100 mg. dried 
cells). Cellular debris was removed by centrifuging for 1 hr. at 3000 r.p.m. 
The supernatant was either used as such, or in cases where the high potassium 
content would have had undesirable effects, such as in injection into animals 
during immunisation experiments, was dialysed against 0-01 m sodium phosphate 
buffer pH 7-0 for 2 hr. 

For the experiments described below the cells have been grown for 16-18 hr. 
at 37° in three different media: (1) a broth based on a tryptic digest of casein, 
fortified by the addition of tryptophan (25 mg./1.) to produce a high concentration 
of tryptophanase ; (2) a similar tryptic digest broth with the addition of 1 per 
cent glucose ; the inclusion of carbohydrate inhibits the production of the enzyme ; 
(3) a gelatine hydrolysate medium which gives good growth without the pro- 
duction of enzyme. The cells from these three types of culture were dried and 
protein fractions extracted as outlined above. The three preparations are 
referred to henceforth as “‘ Tryptophanase,” ‘‘ Protein 1” and “‘ Protein 2.” 


* Part of this work was presented to the 12th International Congress of Pure and Applied 
Chemistry, New York, September, 1951. 
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Dialysates of the three preparations, rendered isotonic with NaCl, were 
administered intravenously to rabbits in doses of 0-25, 0-5 and 0-5 ml. at intervals 
of one week. Antisera obtained by bleeding one week later, and designated 
Anti-T, Anti-G and Anti-Gel respectively, were not fractionated, but used whole. 


Examination of the amino-acid composition of various protein fractions. 


Protein samples (usually 5-10 mg.) were hydrolysed with 6 N HCl in a sealed 
tube at 105° for 24-48 hr. Alkaline hydrolysis was with 5N NaOH either in a 
sealed tube at 105° for 6 hr., or under reflux for 24 hr. In certain experiments, 
2 Nn baryta was used for hydrolysis for 3 hr. at 10 lb. per sq. in. pressure in an 
autoclave. The HCl was removed by repeated evaporation to dryness in vacuo, 
and the NaOH by electrolytic de-salting (3 hr. at a voltage of 120 v. to bring the 
current from 1-2 amp. to 20-30 m.amp.). Barium was removed by precipitation 
as sulphate. 

Chromatography was carried out on aqueous solutions of the hydrolysates ; 
10 wl. (containing 100 wg. N) was added to the paper. Two-way chromatograms 
were obtained by upward displacement (Williams and Kirby, 1948) on 25 cm. 
sheets of Whatman No. 4 paper, using phenol saturated with water or 63 per 
cent Jutidine in one direction, and the alcoholic layer from a mixture of n-butanol, 
acetic acid and water (50:50:12) in the other. It was found that the best results 
in the shortest time could be obtained by running the phenol or lutidine for 6 hr. 
in an incubator at 30°, while the butanol was run for 18 hr. at 18°. 

The approximate concentrations of the individual amino-acids separated by 
the above procedure are assessed by visual appraisal ot the intensity of the colours 
produced by treatment with ninhydrin. These intensities were estimated by 
comparison with colours produced by known quantities of the relevant amino-acid 
run under identical conditions. The data present in Table I are combinations 
of many results from both acid and alkaline hydrolyses, while those in Table IV 
are from alkaline hydrolyses alone. The latter, therefore, do not give a true 
indication of the relative concentrations of serine in the various preparations, 
since this amino-acid is partially destroyed during alkaline hydrolysis (cf. Nicholet 
and Shinn, 1941). In none of the chromatograms was any account taken of 
possible cystine content. The lower limit of observation is of the order of 2-3 jg., 
so that allowing for a similar variation in molecular weight between the range of 
amino-acids, any individual component present in a concentration of less than 
0-3-0-4 per cent will not be recorded. This may explain the variety of results 
quoted in Table I, where only those amino-acids present at considerable concen- 
trations above the threshold were invariably discernible on the chromatograms. 


EXPERIMENTAL. 


Properties of the enzyme and anti-enzyme preparations. 


The activity of enzyme preparations was estimated by the normal method 
of indole production from tryptophan, and it was shown that the more purified 
the preparation, the more rapidly did the enzyme lose activity. Chromatograms 
of enzyme preparations are given in Table I. The amino-acids listed in the first 
column were invariably present in the hydrolysates, while those listed in the fourth 
column were present in some preparations but not invariably at concentrations 
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sufficiently high for observation. The marked instability of purified enzyme 
preparations handicaps the analysis of the purified enzyme. 

Aged tryptophanase can be divided into an insoluble protein fraction and a 
soluble portion. Neither of these retains tryptophanase activity, and though it is 
difficult to determine slight changes in amino-acid composition in either of these 
fractions, almost all the alanine of the original enzyme preparation is segregated 
in the insoluble portion, and up to the present tryptophan has only been detected 
in the soluble supernatant. 

The amino-acid composition of the two other protein fractions (Proteins 2 
and 3) are also given in Table I. High concentrations of glutamic acid, aspartic 
acid, lysine and arginine which occur in the protein extracted from cells grown in 
the presence of glucose differentiate this protein from the active extract, as also 
does the absence of the aromatic amino-acids. The extract from the cells grown 
on gelatine is characterised by the invariable presence of hydroxyproline. 


TABLE I1.—Amino-Acids Present in Protein Preparations : Composite 
Assessments Based on a Number of Chromatograms. 
Amino-acids Additional amino-acids 
invariably present. present in some preparations. 


Amino-scids. Crude Crude 
trypto- Protein 1. Protein 2. trypto- Protein 1. Protein 2. 
phanase. phanase. 

Tryptophan 
Phenylalanine 
Tyrosine 
Methionine 
Arginine 
Alanine . 
Serine 
Glycine . 
a-amino butyric 
Proline . 
Glutamic 
Aspartic 
Lysine 
Valine 
Leucine 
Isoleucine , en no - 
Hydroxyproline. Ef si + 


a 
a 
o 
+ 
+= 
a 
+- 
— 
a 
4. 
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Examination of the enzyme-antibody complex. 


Inactivation experiments fell into two groups : 

1. The study of the period of inactivation during which the antigens are 
combining with antibodies. This was in the first instance effected by incubating 
the reactant mixtures for 2 hr. at 37°, followed by 1 hr. at 0° ; in later experiments 
the reaction was allowed to proceed overnight at 0°. The resulting precipitates 
were separated from the supernatant by centrifuging. In the early experiments 
control tubes were set up using saline in place of antisera ; however, this was 
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found to cause considerable inactivation of the enzyme on its own account (KCl 
caused less inactivation than NaCl), and in the later work normal rabbit serum 
was employed as a control, a procedure which resulted in a greater stabilisation 
or protection of the enzyme. 

2. The measurement of the enzymic activity of the separated precipitates and 
supernatants. This was carried out in 25 ml. Erlenmeyer flasks containing 
excess tryptophan, and crude pyridoxal phosphate dissolved in 0-013 M phosphate 
buffer, pH 7-0. The total volumes of the reactants were either 6 or 10 ml. ; 
1 ml. aliquots were removed after incubation at 37°, generally at 15-min. intervals. 
The indole was extracted with light petroleum, B.P. 40-60° treated with Ehrlich’s 
reagent, and the depth of colour measured in a diffraction grating spectrophoto- 
meter at a wavelength of 560 my. 

Preliminary experiments in the precipitation relationships between the antigens 
and antisera showed that equal volumes of antigen and antiserum left excess 
precipitins in the supernatant fluid. 

The capacity of the three types of sera, Anti-T, Anti-G and Anti-Gel, to 
inhibit tryptophanase action was tested. Active tryptophanase (1 ml.) was 
treated with 0-5 ml. Anti-T and the precipitate removed. No enzyme activity 
remained in the supernatant, while similar amounts of enzyme treated with equal 
and then double amounts of Anti-G and Anti-Gel sera showed no measurable 
loss of activity although considerable precipitation occurred. 

When the drop in the anti-tryptophanase activity of an immune animal 
which was not re-sensitised to tryptophanase was observed, the diminution in 
specific activity was more rapid than its ability to precipitate inert protein from 
the tryptophanase extracts. This is illustrated by the following experiment : 

An enzyme preparation in 2 ml. aliquots was precipitated with 2 ml. of three 
separate anti-tryptophanase sera, T,, T, and T,, whose specific power varied 
because of differences in the period between the initial immunisation and the time 
at which the animals were bled. Each of the animals had yielded very active 
anti-tryptophanase at a previous stage. The untreated enzyme was controlled 
with 2 ml. of normal rabbit serum (N), 0-5 ml. of the supernatants were incubated 
with tryptophan and pyridoxal phosphate and phosphate buffer, pH 7-0, in a 
total volume of 6-0 ml. at 37°. The deposits were washed, eluted as described 


TaBLE II.—T ryptophanase Activity of Supernatants from Enzymes Precipitated 
with— 


(ug. indole /ml.) 


Sera, 
N. 


; +. 
10 min. : : , ‘ nil : 5 
ae f : y nil i 10 


40 ,, : ; es. 
later, and tested for enzyme activity with the following results after 50 min. : 
T,=S8ypg. T,—=2 yg. T,; = 8 yg. N = trace. 


The results illustrate not only the removal of enzyme activity by the specific 
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precipitin reaction, but the fact that the serum from rabbit T,, which some 
months previously had completely inactivated more powerful enzyme prepara- 
tions, was by this time almost devoid of anti-tryptophanase activity although 
considerable precipitation occurred in the E/T, mixture. The precipitates 
diminished in the order E/T,, E/T,, E/T, ; very little precipitation occurred in 
E/N. 
Comparison of the action of Anti-G and Anti-Gel sera in causing the production 
of non-specific precipitates with enzyme preparations is shown in Table III, 
where the pattern is similar to the foregoing. These results, coupled with the 
complete disappearance of activity from enzyme preparations after treatment 
with Anti-T serum, give further evidence of the specificity of the enzyme antibody 
reaction. This enzyme preparation contained denatured enzyme as the nitrogen 


TaBLE III.—T'ryptophanase Activity of Supernatants from Enzymes Precipitated 
with— 
(ug. indole /ml.) 
Gel. T,. 
15min. . ‘ . ; : ; nil 
30 «Cs, : ; , : . ; nil 
sas ; ; . : 11: : nil : 
ae ; ; . ; 15- \ nil : 10: 
N of washed 
deposits in mg. 0-364 . 0-286 . 0-594. 0-182 


values of the E/N precipitate indicate. The greater activity of the E/Gel 
preparation has been a constant phenomenon, and may indicate the removal of 
some inhibitory material in the non-specific precipitate produced by the action 
of the Anti-Gel serum. Samples from E/G and E/Gel supernatants when mixed 
with a standard volume of Anti-T, serum were completely inactivated. 

The opposite experimental arrangement in which non-specific precipitins 
have been successively removed has been effected by treatment of the Anti-T 
serum with protein preparations 1 and 2, i.e., extracts from cells grown either in 
the presence of glucose or on gelatine hydrolysate medium. Such purified sera 
were then taken and tested ; the anti-tryptophanase activity was not significantly 
affected. 

An enzyme preparation was treated successively with equal volumes of Anti- 
Gel and Anti-G serum at 0°; the total period of the reactions was 20 hr. An 
aliquot of this enzyme preparation from which the two resulting precipitates 
had been removed was now absorbed with Anti-T serum in an amount equal to 
that of the enzyme still theoretically present in the aliquot; after a further 
4 hr. at 0° the supernatant fluid was separated from the precipitate in a refrigerated 
centrifuge. The activity of the preparation after the third precipitation was 
compared for tryptophanase activity with both the supernatant from the original 
enzyme preparation suitably diluted with phosphate buffer, pH 7-2, and the 
supernatant from the second precipitate. The enzyme/buffer control was 
actually 1-07 the concentration of the other two preparations in the test, and 
should have shown slightly greater activity than that of the enzyme absorbed 
with the Anti-Gel and Anti-G serum. Activities are recorded per 1 ml. of reactant, 
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the total volumes of the reactants being 8 ml., tryptophan concentration 0-1 per 
cent. Anti-serum volumes were balanced in controls and with one another by 
the addition of suitable amounts of normal serum. The results (Fig.) show 
the following general features : 

1, Absorption with Anti-Gel and Anti-G sera gives equivalent or slightly 
greater activity than the original crude enzyme preparation. This is a common 
finding. 

2. The slope of the enzyme curve and of the inactivated enzyme curve are 
both linear for a time ; approximately three-quarters of the activity is removed 
by the Anti-T in this experiment. 
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Ficurr.—Effect of antiserum treatment on enzyme activity. Total volume of reactants, 8 ml., 
tryptophan and pyridoxal phosphate in excess. pH 7:2, Temperature 37°. 

1. Enzyme supernatant after successive extractions with volumes of Anti-Gel and Anti-G 
sera equal to the original volume of the enzyme solution. Enzyme equivalent 0°06 ml. 
enzyme per ml, reactants. 

2. The supernatant from 1 after further precipitation with Anti-T serum equal in volume 
to the equivalent volume of the enzyme solution present in the sample tested. Enzyme 
equivalent 0°06 ml, enzyme per ml. reactants. 

3. Enzyme control 0°07 ml. enzyme per ml. reactants. Reaction carried out 3 hr. 
before those for 1 and 2, which were simultaneous. 


An examination of the amino-acid composition of the particular enzyme 
preparation and of three precipitates which were removed from it by successive 
treatment with Anti-Gel, Anti-G and Anti-T sera is shown in Table IV. The 
enzyme was a very active preparation. The results are interesting. 

Thus hydroxyproline, which does not occur in the impure tryptophanase, 


22 
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TABLE IV.—Relative Concentrations of Various Amino-Acids as Deduced by 
Visual Appraisal of the Colours Produced with Ninhydrin on Two-Dimen- 
sional Chromatograms. 

1 2 3 4 
Ppt. from Ppt. from 
Impure Ppt. with supernatant supernatant 
tryptophanase. Anti-Gel. “2” with “3” with 
Anti-G. Anti-T. 


Aspartic. . ‘RE te SE cn ie 
Glutamic . , »- +t+44+ =. +++ ; + + -+- 
Glycine. ; ‘ spb . +44. ., re 
a-amino butyric . +4+4+ =. +++ 


Amino-acids. 


Lysine ; . ; ++ : ++ + +. 


Arginine 
Alanine 


+f 
+444 


++: 
+p 


+ 
++4 


Tyrosine ; : +++. -4-4- 
Methionine ‘ ; f+ : oe 

Valine : ; »- ¢444+. +444 
Tryptophan : . +44 =. — 

Proline. ‘ r +++ . _- , _ 
Leucines . : . +++ . +++ . ae 
Phenylalanine . , Pp ‘ — ‘ — 
Hydroxyproline . , — : + ; — 


appears in the precipitate after treatment with Anti-Gel. This finding has been 
noted repeatedly and with Anti-Gel sera from different rabbits. The third 
precipitate, which contains the tryptophanase, is the only one which shows the 
continued presence of tryptophan, proline and phenylalanine. This also is a 
finding common to the final precipitate with Anti-T. It is unaffected by the 
order in which the prior treatment with Anti-Gel and Anti-G is effected, and also 
has been obtained with Anti-T sera from three separate rabbits. These three 
amino-acids have never been observed in the first two precipitates. We are thus 
surely justified in assuming that this indicates a substantially greater concen- 
tration of these three amino-acids either in the enzyme tryptophanase, or its 
specific anti-enzyme, or in both, than in the antigen-antibody complexes which 
result from the interaction of Protein 1 or Protein 2 with their respective antisera. 
We have good reason to believe that these precipitates contain other enzyme- 
anti-enzyme complexes whose distribution and analysis await further study. 
Attempts to dissociate the tryptophanase-anti-tryptophanase complex in the 
specific precipitates have met with some success. A precipitate from a trypto- 
phanase-anti-tryptophanase reaction, in which both the original enzyme and 
antiserum were very active and which had been separated from the inactive 
supernatant, was left in the cold room overnight and subsequently taken up in 
5 ml. of 0-013 m phosphate buffer, pH 7-2, containing 1 mg. of tryptophan. In 
2 hr. 40 yg. indole/ml. was produced, and in 3 hr. 50 yg./ml. There were two 
possibilities : (1) that the inactive complex had dissociated on dilution, or (2) that 
the enzyme had been adsorbed on the precipitate although retaining its activity. 
The latter suggestion was unlikely, since earlier tests of the inhibiting power of 
the antisera had been carried out in the presence of the antigen-antibody complex 
and significant inhibition of the tryptophanase activity noted, Moreover, it was 
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shown that precipitates from enzyme preparations and Anti-G or Anti-Gel sera 
would not, on dissociation, give tryptophanase activity. 

The tryptophanase activity of the complex was not regenerated in the presence 
of its supernatant ; it had to be separated and left in the presence of phosphate 
buffer, pH 7-2 and tryptophan for some time before dissociation and enzyme 
activity wererestored. Better separation of the complex was achieved with 0-01 N 
NH,OH, 15 min., followed by the addition of phosphate buffer (pH 7-2) and 
tryptophan, than with the phosphate buffer alone. An enzyme preparation 
(5 ml.) was precipitated with an equal volume of Anti-Gel serum ; it was allowed 
to stand for 24 hr. in the cold room, and finally separated from precipitated 
protein by spinning in a refrigerated centrifuge. The deposit was washed twice 
with 2 ml. phosphate buffer, pH 7-0. The washings possessed no tryptophanase 
activity in the presence of excess tryptophan (2:5 x 10-3m) and pyridoxal 
phosphate (10 wg. per ml.), nor could any enzymic activity be recovered from 
the precipitate. The supernatant contained tryptophanase, 2 ml. of which were 
mixed with 2 ml. of T, serum and a further 2 ml. with 2 ml. normal rabbit serum. 
After standing for 2 hr. at laboratory temperature and 1 hr. at 0°, both were spun. 
A faint haze came down with the normal serum, an appreciable precipitate with 
the T, serum. The precipitate from T, was washed twice with 2 ml. of phosphate 
buffer at 0°. The washings had no enzymic activity. This precipitate was then 
suspended in 2 ml. of distilled water and divided; to one half was added 1 ml. 
0-005 nN NH,OH, and after 5 min., 5 ml. of phosphate buffer and tryptophan and 
pyridoxal phosphate in excess. To the other half was added 6 ml. of phosphate 
buffer with tryptophan and pyridoxal phosphate also in excess. Indole deter- 
minations gave, for the ammonia-treated fraction, 1, 6 and 8-2 yg. indole/ml., 
and for the phosphate fraction, 0, 2-9 and 3-2 yg./ml., in 10, 20 and 60 min. 
respectively. The greater of these activities from the dissociated complex 
represents something less than 5 per cent of the total initial activity of the enzyme 
but much higher values have been obtained. 

The two remaining supernatant fractions, i.e., from the enzyme doubly 
treated with Anti-Gel and Anti-T, sera and that from the preparation treated with 
Anti-Gel and controlled by the addition of the normal serum, were also tested for 
enzymic activity in 1-0 ml. quanta. The former was quite inactive ; the latter 
retained 25 per cent of the enzyme activity originally present. In conclusion it 
should be stated that no tryptophanase activity has yet been obtained from the 
precipitates obtained with either Anti-G or Anti-Gel sera. 


DISCUSSION. 


In these studies we have examined the adaptive enzyme concerned in the oxida- 
tion of tryptophan to indole. The facility with which washed cells of Bact. coli, 
containing no free tryptophan, acquire considerable tryptophanase activity 
when left standing in the presence of the amino-acid suggests some simple re- 
arrangement of the enzyme protein. Little is known about the types of grouping 
which bestow specific activity on an enzyme, but a number of factors must be 
borne in mind. Sevag (1945) draws attention to the analogies between enzyme- 
substrate and antigen-antibody reaction. The classical work of Landsteiner and 
Van der Scheer (1934, 1939) on the specificity of polypeptide determinant groups 
which showed that such specificity depended both on the nature of the amino- 
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acids and their order of sequence is of great relevance. In this work with penta- 
peptide determinant groups the specificity is determined by all the amino-acids, 
though the terminal amino-acid appears to be especially important. Which of 
the amino-acids then appear as terminal in the antibody to the specific trypto- 
phanase, and what is the nature of the terminal groups in the enzyme itself ? 
Any factual knowledge which can be gleaned can assist the understanding of 
specificity, of type of bonding and perhaps of the phenomenon of adaptation itself. 
This inhibition of tryptophanase by anti-tryptophanase implies combination of 
the antibody with some active centre or centres of this enzyme; such action 
prevents combination of enzyme and substrate. It is reasonable to assume a 
possible similarity between the structure of the antibody and the substrate of 
the enzyme, and that a polypeptide containing tryptophan as an end-group 
might constitute the active portion of the antibody. In support of this it has 
been found that tryptophan peptides reduce anti-tryptophanase potency (Gooder 
and Happold, unpublished results). 

In apposition, the structural] features of the substrate and the type of bondings 
which can occur between it and its specific enzyme are all-important. Baker 
and Happold (1940) and Baker, Happold and Walker (1946) showed that the 
following structural requirements had to be fulfilled before an indole derivative 
could be acted upon by tryptophanase : a free carboxyl group, an unsubstituted 
a-amino group, a $-carbon atom susceptible to oxidative attack and an unsub- 
stituted NH group in the indole nucleus. The possibility for both polar linkage 
and H bonding to occur is obvious and is being studied. 

Since the protein extracted from cells grown in the presence of tryptophan 
exhibits enzymic activity while in solution, but loses this activity when spon- 
taneous precipitation occurs, leaving soluble and dialysable material behind, it is 
likely that the enzyme protein is suffering proteolytic degradation with the 
production of smaller inactive fragments. 

Tryptophan, which is present in the active enzyme, is not found in the precipi- 
tate, but only in the soluble fraction. Hence we feel that our working hypothesis 
for future investigation should be that there exists in the tryptophanase molecule 
an unstable group containing tryptophan, the presence of which is essential for 
activity of the enzyme. This is supported by the finding that this soluble trypto- 
phan-containing fraction, which is without enzymic activity, can inhibit the 
action of the anti-enzyme. 

It has been shown that in antibody-antigen precipitin reactions the bulk of 
the precipitate comes from the antibody fraction (part of the gamma or closely 
associated globulin fractions of the serum protein, Heidelberger and Osler, 1948) ; 
furthermore, it has been assumed that all such globulin fractions contain a wide 
spectrum of amino-acids. The differences in concentration, amounting in some 
cases to presence or total absence, which are apparent between certain amino-acids 
in the precipitates formed, by the interaction of tryptophanase with Anti-G, 
Anti-Gel and Anti-T sera, pose two interesting possibilities in this respect. Either 
the precipitates with Anti-G and Anti-Gel contain such a high proportion of 
antigen that the presence of tryptophan and phenylalanine in the antibody is 
masked by their absence from the respective antigen, or the antibodies themselves 
differ considerably in amino-acid composition. On general grounds the latter is 
the more probable, but the fact that the composition of precipitates: obtained 
between Anti-G and Protein 1 and Anti-Gel and Protein 2, i.e., homologous 
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reactions, are very similar to those obtained when the respective anti-sera are 
allowed to react with tryptophanase preparations, i.e., in a heterologous reaction, 
leads one to the belief that although there may be gross differences between the 
antibodies produced in response to the various antigens, the proportion of antigen 
may be higher in these particular complexes than has been hitherto believed for 
other systems. 

Happold (1928; 1929) showed that formation of the ‘‘ X ” antigens of the 
Salmonella group of organisms could be prevented by growing the cells under 
certain conditions, which included the presence of fermentable carbohydrate 
and reduced oxygen tension. Such modifications cause variations in the antigen 
pattern of the individual organisms, and perhaps of the relationships with one 
another. The disappearance of antigens under stresses produced by cultural 
environment might be explained in terms of the suppression of adaptive enzymes, . 
as new metabolic pathways are utilised by the organism. 

In the study reported here this type of explanation could apply, and might 
account for the presence of amino-acids easily subjected to transaminase and 
decarboxylase reactions in those precipitates associated with the protein fraction 
from cells grown on carbohydrate-containing media. 


SUMMARY. 


Similarly prepared protein fractions from Bact. coli cells grown on (a) a com- 
plete amino-acid media, (b) a similar medium plus added glucose, and (c) a 
gelatine hydrolysate medium have been used as antigens and antisera produced. — 

Cross precipitin reactions occur between aJl the antibodies and antigens, but 
only in the case of the reaction tryptophanase-Anti-T is there any diminution in 


activity of the supernatant. 

The amino-acid patterns of the antigen and the antigen-antibody precipitates 
have been examined, and exhibit marked differences between the protein fraction 
extracted from cells grown on each type of medium, and also between the various 
complexes examined. 

Tryptophan and phenylalanine are noted only in the precipitate from trypto- 
phanase-Anti-T reaction. 

Inactivation experiments indicate the possibility that there exists a labile 
group containing tryptophan which is essential for activity of the tryptophanase 
molecule. 


The authors wish to thank the Medical Research Council for a grant made in 
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refrigerating centrifuge available to them, and Dr. A. F. B. Standfast of the 
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